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ABSTRACT		Techno-Economic	Analysis	of	a		Rapid	Phenotyping	Rover.	(2016)	Caylee	Kathleen	Coffman	Mercado,		University	of	Illinois	at	Urbana-Champaign	Adviser:	Assistant	Professor	Joshua	Peschel		 This	study	considers	how	a	new	agricultural	robot	that	measures	the	physical	traits	of	plants	to	identify	high	yielding	crop	varieties	would	fit	in	the	current	agricultural	market	by	assessing	historical	crop	production,	similar	technology	currently	available,	and	stakeholders,	and	develops	a	ten-year	forecast	of	yields.	The	research	investigates	the	socio-technical	aspects	of	a	rapid	phenotyping	rover,	TERRA-MEPP	(Transportation	Energy	Resource	from	Renewable	Agriculture–	Mobile	Energy-crop	Phenotyping	Platform),	that	is	not	currently	in	the	market	place.		Yield	forecasting	for	a	target	crop,	energy	sorghum,	was	performed	based	on	a	6	percent	estimated	yield	gain.		The	value	modeling	developed	for	this	study	considers	the	total	cost	of	ownership	for	TERRA-MEPP,	the	number	of	rovers	needed	by	the	breeder,	the	adoption	rate	of	a	new	seed	variety,	and	the	fraction	of	the	profits	that	the	seed	company	receives.		These	variables	are	used	in	conjunction	with	the	United	States	Department	of	Agriculture’s	sorghum	production	projections	to	model	the	monetary	value	of	TERRA-MEPP	over	the	next	ten	years.	The	value	modeling	in	this	study	indicates	that	TERRA-MEPP	will	offer	a	large	return	on	investment.		A	TERRA-MEPP	rover	will	cost	$20,000	or	less,	with	the	total	operating	cost	estimated	at	about	$13,000	per	year,	and	a	return	on	investment	of	about	$38.4	million	over	ten	years.	The	yield	forecasting	and	socio-technical	analysis	in	this	study	will	be	of	interest	to	breeders	and	farmers.		The	potential	yield	gains	that	may	be	realized	with	TERRA-MEPP	would	provide	additional	biofuel	and	food.		Developing	new	methods	to	increase	crop	yields	is	a	critical	mission	this	century,	as	the	global	community	faces	rapidly	growing	population	and	limited	arable	land,	with	uncertain	changes	in	climate.	 	
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CHAPTER	1	INTRODUCTION			High	throughput	crop	phenotyping	is	a	complex	task	that	requires	highly	specialized	automation.		Field	phenotyping	automation	approaches	include	ground	robots,	tractors,	small	aerial	vehicles,	and	crane-	or	gantry-based	systems.		Current	methods	have	barriers	such	as	large	size,	low	temporal	resolution,	high	cost,	or	limited	areas	of	use.		Current	ground	robot	models	have	large	track	spacing	and	cannot	navigate	standard	size	crop	rows.		Aerial	vehicles	have	environmental	challenges	in	capturing	high	resolutions	in	both	space	and	time,	due	to	wind	and	rain.		Gantry-based	methods	are	prohibitively	expensive	for	most	commercial	farmers	and	breeders	and	are	limited	to	small	field	areas.		There	is	a	need	for	a	compact,	highly	mobile,	low	cost	phenotyping	robot	that	can	cover	a	large	field	area	at	high	resolutions.		An	understanding	of	the	socio-technical	economic	consequences	of	the	development	of	that	technology	is	also	needed.		1.1 Research	Question		This	research	answers	the	question:		
What	is	an	appropriate	socio-technical	based	economic	model	for	a	high	throughput	
mobile	phenotyping	robot	for	energy	sorghum?			This	study	provides	a	technology	to	market	plan	for	TERRA-MEPP	(Transportation	Energy	Resource	from	Renewable	Agriculture–	Mobile	Energy-crop	Phenotyping	Platform)	and	the	associated	technology.		TERRA-MEPP	will	perform	high	throughput	phenotyping	on	energy	sorghum	to	identify	high	yield	cultivars.		The	end	goal	is	to	determine	how	to	analyze	and	forecast	the	economic	impacts	of	the	development	of	this	technology.		
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1.2 Motivation		Earth’s	growing	population	is	putting	ever	increasing	pressure	on	the	planet’s	limited	freshwater	and	arable	land	and	creating	a	sharp	need	for	crops	that	can	be	grown	with	less	water	on	less	land.		The	world’s	population	reached	7.3	billion	in	2015	[1].		The	global	population	will	continue	growing,	and	is	expected	to	reach	8	billion	by	2025,	9.7	billion	by	the	year	2050,	and	12.5	billion	by	the	beginning	of	the	next	century	[1].		This	growing	population	will	increase	crop	demands,	but	because	in	most	regions	there	is	little	capacity	to	increase	crop	area,	increased	output	will	need	to	come	from	higher	productivity	on	preexisting	crop	land	[2].		Forested	land	accounts	for	more	than	half	the	available	arable	land,	and	at	the	current	rate	of	deforestation,	this	land	could	all	be	converted	by	2050	[3].		Increasing	yields	of	energy	sorghum	will	allow	larger	volumes	of	biomass	to	be	produced	with	minimal	infringement	on	agricultural	acreage	for	food	crops.		Water	constraints	have	also	created	challenges	which	have	prevented	irrigation	from	expanding	in	some	countries.			Due	to	falling	water	tables,	the	cost	of	pumping	is	projected	to	increase	[4].		Identifying	individual	genotypes	of	plants	with	greater	drought	tolerance	will	be	beneficial	as	the	price	of	water	pumping	increases.		Increasing	yield	will	be	an	important	part	of	providing	crops	to	Earth’s	growing	population	with	limited	environmental	resources.	Crop	yield	increases	have	plateaued	in	the	last	two	decades,	indicating	the	need	for	innovative	phenotyping	methods.	For	almost	20	years,	the	world’s	average	crop	yield	has	been	slowing	[4].		Figure	1.	1	illustrates	this	plateau	for	sorghum	and	corn.		New	technology	has	the	potential	to	disrupt	this	trend.		High	throughput	phenotyping	catalogs	physical	plant	traits	so	desirable	genotypes	can	be	identified	and	generate	improved	crop	yields.		There	is	a	demand	for	a	level	of	phenotyping	that	cannot	be	achieved	using	traditional	phenotyping	methods.		Other	rapid	phenotyping	machines	do	exist.		However,	barriers	such	as	intrusive	size,	exorbitant	expense,	low	spatial	and	temporal	resolutions	and	low	area	coverage	make	the	machines	currently	on	the	market	less	than	ideal.		TERRA-MEPP	is	a	highly	specialized,	low-cost	option	that	has	the	potential	for	much	greater	effect	on	yield.	
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	Figure	1.	1:	Sorghum	and	corn	yields	in	the	United	States,	1996/97-2014/15.		Data	source:	USDA,	Economic	Research	Service,	Feed	Grains	Yearbook.		TERRA-MEPP’s	target	crop,	energy	sorghum,	has	great	potential	as	a	low	input	energy	crop	that	can	compete	with	corn	in	the	field	and	the	marketplace.		Grain	sorghum	was	added	to	the	list	of	qualifying	renewable	fuels	for	the	Environmental	Protection	Agency’s	(EPA)	Renewable	Fuel	Standard	program	in	2012	[5].		Sorghum	performs	better	than	corn	in	drought	conditions	[6].		According	to	the	executive	director	of	the	National	Sorghum	Producers,	sorghum	is	in	high	demand	as	an	export	to	markets	like	China	and	Mexico,	and	“we’re	short	[on]	sorghum…..We	should	be	able	to	say	that	we	can	move	100	million	more	bushels	into	Mexico	and	really	have	a	productive	crop	moving	forward	[7]	.”		1.3 High	Throughput	Phenotyping,	Yield	Improvement,	and	TERRA-MEPP		High	throughput	phenotyping	automates	the	phenotyping	process	and	is	able	to	accumulate	large	quantities	of	data	on	crops’	physical	characteristics,	speeding	up	the	identification	of	high	yield	genotypes.		This	has	multiple	benefits,	including	early	projections	of	crop	yield	and	identification	of	plant	characteristics	that	contribute	to	high	yield.		TERRA-MEPP,	pictured	in	Figure	1.	2	below,	is	able	to	catalog	data	for	2500	genotypes	two	times	a	day.		Each	plant	is	individually	catalogued.		TERRA-MEPP’s	ability	to	
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navigate	narrow	crop	rows	at	the	plant	level	makes	it	unique	among	modern	high	throughput	phenotyping	technology.		
	Figure	1.	2:	TERRA-MEPP	in	the	field	in	Maricopa,	Arizona.	Photo	source:	[8].		1.4 Significance	to	the	Field	of	Civil	and	Environmental	Engineering		TERRA-MEPP’s	capability	to	perform	high	throughput	phenotyping	and	identify	crop	strains	with	desirable	genomic	traits	will	have	benefits	that	will	be	of	interest	to	environmental	and	hydrologic	engineers.		TERRA-MEPP	will	initially	focus	on	traits	for	drought	tolerance	and	increased	yield.		Producing	more	drought	tolerant	crops	will	decrease	agricultural	water	consumption	per	unit.		Increasing	yields	will	reduce	the	amount	of	land	needed	to	produce	the	same	amount	of	crops	and	slow	the	demand	for	new	farm	land.		Farm	land	is	often	made	available	by	clearing	forests,	and	has	the	unwanted	side	effect	of	increasing	carbon	emissions.		In	the	future,	TERRA-MEPP	could	search	for	
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genotypes	that	are	more	pest	resistant	or	need	less	fertilizer.			Reduced	inputs	of	water,	pesticides,	or	fertilizers	would	reduce	levels	of	stress	places	on	water	systems	by	reducing	water	consumption	and	nonpoint	pollutant	discharge.		Increasing	the	yield	of	the	biofuel	energy	sorghum	could	decrease	reliance	on	fossil	fuels,	which	would	also	be	of	interest	to	environmental	engineers.		1.5 Contributions	of	This	Study		This	study	will	provide	an	analysis	of	how	TERRA-MEPP’s	new	phenotyping	technology	will	disrupt	the	current	agricultural	market.		The	study	includes	predictions	of	crop	yield	increases	for	energy	sorghum	and	corn	over	the	next	ten	years,	providing	a	better	understanding	of	how	high	throughput	phenotyping	will	impact	agriculture.		1.6 Organization	of	Thesis		Chapter	One	presents	the	research	questions,	provides	the	motivation	and	background	on	high	throughput	phenotyping,	and	describes	the	significance	and	contributions	of	this	study.		Chapter	Two	reviews	the	literature,	examining	past	and	projected	production	of	sorghum	and	corn,	detailing	previous	methods	that	have	increased	yields	for	these	crops,	and	evaluating	current	robot	technology	in	agriculture,	including	phenotyping	platforms.		Chapter	Three	details	the	technology	to	market	plan	for	TERRA-MEPP	and	describes	the	methodology	used	in	this	study;	it	considers	the	current	state	of	the	market,	the	implementation	of	the	technical	approach,	how	TERRA-MEPP	will	disrupt	the	market,	what	the	return	on	investment	will	be,	and	provides	ten	year	projections.		Chapter	Four	describes	the	results	of	the	market	analysis	in	the	form	of	a	business	model.		Chapter	Five	provides	a	discussion	of	the	results	of	the	study.		Chapter	Six	offers	conclusions	on	the	work.		 	
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CHAPTER	2	LITERATURE	REVIEW			This	study	considers	the	impact	of	the	TERRA-MEPP	robot’s	phenotyping	technology	on	sorghum	yield	and	the	agricultural	market.		The	literature	review	examines	trends	in	sorghum	production	and	a	comparison	crop,	corn,	as	well	as	advances	in	production	capability	and	phenotyping	technology.			2.1 Sorghum	as	Biofuel	
	Global	biofuel	production	increased	462	percent	between	2001	and	2013,	thanks	to	favorable	market	conditions	and	mandatory	consumption	policies	[9].		Thanks	in	part	to	high	fossil	fuel	prices,	biofuel	production	in	the	U.S.	grew	dramatically	from	1.77	billion	gallons	in	2001	to	13.64	billion	gallons	in	2010	[9].		As	oil	prices	have	dropped,	consumption	policies	have	become	a	significant	factor	in	the	continuation	of	the	biofuel	industry	[9].	The	United	States’	Renewable	Fuel	Standard,	enacted	in	2005,	mandates	volume	standards	for	the	consumption	of	cellulosic	biofuel,	biomass-based	diesel,	advanced	biofuel,	and	total	renewable	fuel,	with	the	goal	of	reaching	a	total	renewable	fuel	consumption	of	36	billion	gallons	by	2022	as	shown	in	Figure	2.	1	below	[10].		As	of	2012,	sorghum	is	now	included	on	the	Renewable	Fuel	Standard’s	list	of	advanced	biofuels	[5].		In	2014	there	were	120	million	bushels	of	sorghum	in	ethanol	production	in	the	United	States,	and	the	National	Sorghum	Producers	(NSP)	is	eager	to	see	the	number	of	bushels	in	ethanol	production	increase	[7].		There	are	plants	in	California	with	the	capacity	to	process	sorghum	[7].		Figure	2.	2	below	shows	ethanol	production	and	exports	from	the	United	States	in	2014.		The	year	2014	had	the	second	highest	exports	after	2011,	with	Brazil	and	Canada	making	up	the	greatest	parts	of	American	ethanol	exports,		but	exports	in	coming	years	will	depend	on	policies	and	the	capacity	of	American	ethanol	plants	[9].		
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	Figure	2.	1:	United	States	Renewable	Fuel	Target.		Chart	source:	Renewable	Fuel	Standard	Program	[10].		
	Figure	2.	2:	Production	and	exports	of	United	States	ethanol	in	2014.		Chart	source:	USDA,	“Biofuel	Use	in	International	Markets”	[9].		Sorghum	can	be	processed	in	multiple	ways	to	generate	biofuel.		The	biomass	in	sorghum	stalks	and	leaves,	known	as	cellulosic	plant	biomass,	can	be	converted	into	cellulosic	biofuels,	or	the	sugary	juice	from	sorghum	can	be	fermented	to	produce	ethanol	
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and	other	biofuels	using	preexisting	equipment	for	processing	sugarcane	[11].		Cellulosic	plant	biomass	can	be	harvested	from	agricultural	residues,	but	much	of	this	residue	must	be	left	in	the	fields	to	enrich	the	soil,	and	the	remainder	is	not	sufficient	to	meet	bioenergy	demands	[12].		Instead	of	simply	using	the	agricultural	residue,	sorghum	can	be	grown	as	a	dedicated	energy	crop	on	marginal	land	where	it	will	not	compete	with	food	production	[12].		Sorghum’s	drought	and	cold	tolerance	make	it	ideal	for	growing	on	marginal	land.		Sorghum’s	drought	tolerance	makes	it	a	competitive	choice	over	other	feedstocks	in	dry	regions.		The	plant’s	short	growing	season	also	makes	it	a	good	choice	for	cold	regions	[13].		Companies	like	Nexsteppe	are	interested	in	producing	the	next	generation	of	biofuels,	focusing	on	sorghum	[14].		Biofuel	production	facilities	are	developing	into	fully	fledged	commercial	scale	facilities	[14].		2.2 Other	Uses	of	Sorghum		Other	applications	of	sorghum	beyond	biofuel	and	feedstock	include	the	food	industry,	pet	food,	packing	peanuts,	and	renewable	building	materials	[7].		Food-grade	sorghum	consumption	grew	almost	40	percent	between	2014	and	2015,	capturing	3	percent	of	the	sorghum	market	[15].		Over	350	grocery	products	include	sorghum	[15].		Sorghum	flour	is	a	gluten	free	alternative	to	wheat	and	barley	[16].		Capturing	one	percent	of	the	flour	and	cereal	market	in	the	United	States	would	translate	to	ten	million	bushels	of	sorghum	[17].		Major	pet	food	companies	like	Iams	and	Eukanuba	already	use	sorghum	in	some	of	their	formulas;	as	of	2015	pet	food	made	up	about	two	percent	of	the	sorghum	market	[18].		Sorghum	is	also	used	by	companies	like	Milex	Corp	to	make	biodegradable	packaging	peanuts	[19].		The	company	ChloroFill	produces	fiberboard	panels	from	sorghum	that	can	be	used	in	ways	similar	to	bamboo	plywood	including	in	cabinetry,	flooring,	countertops,	doors,	wainscoting,	and	architectural	elements	[20].		
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2.3 Historical	Trends	and	Future	Projections	of	Sorghum	and	Corn	Production	and	Yield		Higher	yields	per	acre	have	historically	made	corn	a	more	profitable	crop	than	sorghum,	but	in	certain	conditions	sorghum	performs	better	than	corn.		Sorghum	is	characterized	by	its	drought	tolerance	[21].		Though	the	historical	prices	of	sorghum	and	corn	(per	bushel)	are	nearly	identical	as	shown	in	Figure	2.	3,	corn	has	a	consistently	higher	yield	(bushels	per	acre)	that	makes	it	a	more	profitable	crop,	shown	in	Figure	2.	4.		However,	in	drought	conditions,	sorghum	has	the	better	yield	[6].		Therefore,	sorghum	is	of	great	interest	as	alternative	biofuel	to	corn,	especially	in	drier	regions.		As	the	maps	of	global	corn	and	sorghum	production	in	Figure	2.	5	show,	the	crops	are	preferred	in	different	regions.		The	United	States	set	a	new	national	record	for	sorghum	yield	in	2015,	at	76	bushels	per	acre	[15].		However,	global	averages	for	crop	yield	increases	have	slowed	over	the	past	20	years,	indicating	a	need	for	new	avenues	to	increase	yields	[4].		
	Figure	2.	3:	Weighted-average	farm	price	for	sorghum	and	corn	are	comparable	in	the	United	States.		Data	source:	USDA,	Economic	Research	Service,	Feed	Grains	Yearbook.	
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	Figure	2.	4:	Corn	has	historically	had	a	higher	yield	per	harvested	acre	than	sorghum	in	the	United	States.		Data	source:	USDA,	Economic	Research	Service,	Feed	Grains	Yearbook.		
	(a)	
	(b)	Figure	2.	5:	Map	of	global	crop	production,	2003-2013	average.	(a)	Corn	production.	(b)	Sorghum	production.		Source:	FAOSTAT.	
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The	United	States	Department	of	Agriculture	(USDA)	Economic	Research	Service	provides	projections	for	farm	prices,	planted	and	harvested	acreage,	total	production,	yield,	and	more	through	the	year	2025	[22].		Farm	price	for	both	sorghum	and	corn	is	expected	to	dip	to	its	lowest	in	year	2016,	then	slowly	increase	over	the	period	[22].		Planted	acreage	of	both	crops	is	expected	to	be	highest	around	year	2017,	then	slowly	decrease	[22].		Harvested	sorghum	acreage	is	predicted	to	be	highest	in	2017,	harvest	corn	acreage	is	expected	to	dip	in	2016	and	then	rise	to	a	steady	level	between	2017	and	2019	before	slowly	decreasing	[22].		Sorghum	production	is	predicted	to	rise	until	2017	and	then	decrease,	while	corn	production	will	decrease	in	2016	before	steadily	rising	[22].		Sorghum	yield	is	predicted	to	stay	stable	at	65	bushels	per	acre,	while	corn	yield	is	expected	to	increase	steadily,	to	185	bushels	per	acre	in	2025	[22].	Projected	exports	of	sorghum	from	the	United	States	are	promising.		Exports	are	predicted	to	be	stable	for	sorghum,	and	rise	for	corn	[22].		China	is	importing	large	quantities	of	sorghum	[7].		In	2013,	the	total	sorghum	exports	from	the	United	States	were	135	million	bushels,	120	million	bushels	of	which	went	to	China	[7].		Mexico	would	regularly	would	import	60-100	million	bushels	from	the	U.S.,	but	the	supply	was	not	available	in	2014	[7].		In	2015,	the	United	States	exported	more	grain	sorghum	than	ever	before,	352	million	bushels,	for	an	export	value	of	$2.1	billion	[15].		Ninety	three	percent	of	these	exports	in	2015	went	to	China	[15].		Exports	account	for	up	to	40	percent	of	sorghum	[7].	An	8	percent	increase	in	the	global	sorghum	trade	is	predicted	over	the	next	ten	years	[4].		China	has	become	the	largest	importer	of	sorghum,	and	is	expected	to	continue	being	a	significant	importer	of	sorghum	over	the	next	ten	years,	as	sorghum	is	an	inexpensive	feed	substitute	[4].		Sorghum	exports	from	the	United	States	to	China	and	Japan	account	for	the	largest	share	of	the	global	sorghum	trade	[4].		Figure	2.	6	shows	trends	in	sorghum	imports	and	exports	for	the	main	players	in	the	sorghum	trade	around	the	world,	and	Figure	2.	7	shows	projected	sorghum	imports	and	exports.		
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	(a)	
	(b)	Figure	2.	6:	Global	sorghum	trade	(million	metric	tons).	(a)	Sorghum	imports,	1990-2024.	Chart	source:	USDA,	Economic	Research	Service,	Agricultural	Projections	to	2024.	(b)	Projected	sorghum	exports,	2013/14-2024/25.	Data	source:	USDA,	Economic	Research	Service,	Agricultural	Projections.	 	
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	(a)	
	(b)	Figure	2.	7:	Projected	sorghum	imports	and	exports	(million	metric	tons)	by	country	(2014-2025).	(a)	Projected	sorghum	imports.	(b)	Projected	sorghum	exports.	Data	source:	USDA,	Economic	Research	Service,	Agricultural	Projections	to	2024.	2.4 Historical	Agricultural	Advances		Several	advances	in	the	field	of	agriculture	have	had	tremendous	impacts	on	yields	of	sorghum	and	corn,	including	hybrid	seed	development,	triazine	herbicides,	nitrogen	fertilizers,	pesticides,	farm	machinery,	improved	production	practices,	higher	input	use,	better	resource	management,	and	improved	disease	and	pest	control.		Corn	yields	in	the	early	1900s	were	about	1	Mg	ha-1;	by	the	beginning	of	this	century,	yield	had	increased	to	over	8.5	Mg	ha-1.		Sorghum	yields	have	also	increased	greatly,	from	1	Mg	ha-1	to	3.5	Mg	ha-1	[23].		Corn	yield	increase	due	to	genetic	improvements	has	been	estimated	to	attribute	to	33-57	percent	of	the	yield	increase	[23].		The	development	of	drought	tolerant	maize	and	no-tillage	technology	stretched	the	borders	of	the	maize	belt	into	land	historically	planted	
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with	sorghum,	and	caused	industry	and	academia	to	reduce	research	on	sorghum	[24].		Changes	in	crop	management	factors,	including	increased	planting	density	and	fertilizer	levels,	and	earlier	planting	all	correlate	significantly	with	increased	dryland	yields	[23].		In	the	last	few	decades,	corn	yield	in	dryland	farming	has	not	changed,	which	might	indicate	a	yield	plateau,	unless	there	is	a	new	technological	breakthrough	[23].		“Probably	no	other	crop	production	discovery,	certainly	no	other	herbicide	discovery,	transformed	agriculture	to	the	extent	that	atrazine	did	[25].”		Although	irrigated	sorghum	has	a	higher	yield	than	dryland	sorghum	production,	hybrid	development	has	been	more	effective	in	dryland	production	[23].		Assefa	suggests	further	research	into	cold	tolerance	and	early	planting	of	grain	sorghum	and	dryland	corn	[23].		Cold	stress	tolerance	is	one	of	the	traits	TERRA-MEPP	will	identify.		Past	technological	discoveries	have	increased	corn	and	sorghum	yields	by	leaps	and	bounds,	but	to	increase	yields	beyond	these	levels,	it	will	be	necessary	to	identify	varieties	with	high	yield	potential	using	rapid	phenotyping	technology.		2.5 Robots	in	Agriculture		Robots	have	been	developed	to	do	a	number	of	sophisticated	agricultural	tasks,	from	weeding,	pruning,	and	harvesting	to	crop	mapping	and	phenotyping	[26]–[29].		Precision	agriculture	makes	it	feasible	to	precisely	target	fertilizer	use,	reducing	input	costs	and	increasing	productivity	[30].		The	wide	range	of	agricultural	robots	developed	thus	far	are	able	to	perform	tasks	that	will	make	clear	contributions	to	agriculture	[26]–[37].		In	the	future,	these	robots	could	significantly	change	the	face	of	agriculture.	Rovers	have	the	potential	to	capture	highly	detailed	data	of	individual	plants,	but	often	their	tracks	are	too	wide	or	they	have	disruptive	internal	combustion	engines.		Autonomous	rovers	have	been	designed	for	weed	detection	[26],	[27]	and	precision	horticulture	[30].		This	technology	could	be	transferred	for	use	in	phenotyping.		The	rover	designed	by	Bak	and	Jakobsen,	seen	in	Figure	2.	8,	navigates	using	a	Topcon	Legacy	dual	frequency	GPS	receiver,	a	row	guidance	camera,	four-wheel	steering,	KVHE-Core	2000	fiber	optic	gyroscope,	and	a	magnetometer.		The	platform	has	a	suspension	system	that	keeps	all	four	wheels	on	the	ground.		The	four-wheel	steering	offers	high	mobility	by	decoupling	
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position	and	orientation	adjustments.		With	a	0.5	m	height	clearance	and	wheels	placed	1	m	apart,	the	vehicle	can	operate	in	rows	that	are	0.25	m	or	0.5	m.		The	platform’s	navigation	is	accurate	to	within	a	2	cm	standard	deviation	at	a	speed	of	0.72	km	per	hour.		Although	the	rover	is	capable	of	speeds	up	to	6	km	per	hour,	the	deviation	from	path	tracking	increases	with	velocity.		The	forward	speed	is	limited	by	sharp	turns	and	the	limited	response	time	of	steering	motors.		On	rough	ground,	the	tilt	sensor	is	sensitive,	causing	low	orientation	estimation.		The	weeding	platform	described	by	Bakker	et	al.	is	depicted	in	Figure	2.	9	and	navigates	using	visual	row	detection	and	real	time	kinematic	differential	GPS	(RTK-DGPS),	with	positional	accuracy	of	1	to	2	cm	and	heading	accuracy	of	0.3˚.		The	Bakker	et	al.	rover	has	a	0.5	m	height	clearance,	and	the	platform	can	perform	in-row	driving	in	rows	that	are	0.5	or	0.75	m.		Hinged	support	ensures	that	all	wheels	remain	on	the	ground.		Wheel	angles	were	limited	to	111˚	to	avoid	twisting	cables.		The	platform’s	power	comes	from	a	31	kW	Kubota	diesel	engine	with	a	speed	of	2.6	km	per	hour.		The	platform	captured	images	using	a	camera	with	resolution	659	by	494	pixels	mounted	0.9	m	from	the	ground.		Each	image	covered	an	area	2.4	m	long	and	1.5	m	wide.		The	vehicle	followed	the	crop	rows	with	very	good	results,	but	compensation	would	be	needed	for	rolling	over	bumpier	terrain.		The	testing	speed	was	only	about	1.1	km	h-1,	but	it	is	estimated	that	3.6	km	h-1	is	possible	for	intra-row	weeding.		The	rover	produced	by	Hague,	Marchant	and	Tillett	navigates	using	row	detection,	image	analysis,	a	magnetic	compass,	Kalman	filter,	and	orientation	error	from	the	commanded	path,	with	positional	accuracy	of	0.8	cm	and	row	following	accuracy	of	2.1	cm.		The	vehicle	is	able	to	detect	the	end	of	crop	rows	automatically.		Its	wheels	are	set	at	a	width	of	1.86	m;	it	spans	three	crop	rows	spaced	0.5	m	apart,	and	the	rover	can	travel	at	6.48	km	per	hour	with	its	internal	combustion	engine.		The	autonomous	rovers	described	above	have	many	features	that	could	be	applied	to	in-field	phenotyping.		However,	the	low	clearance	(0.5	m)	and	wide	track	width	(ranging	from	0.5	m	to	1.85	m)	of	these	rovers	limit	their	mobility	and	make	them	impractical	for	use	with	tall	crops	like	energy	sorghum.	
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	Figure	2.	8:	Rover	designed	by	Bak	and	Jakobsen	(a)	in	the	field	and	(b)	following	a	pre-determined	path.		Photo	source:	“Agricultural	Robotic	Platform	with	Four	Wheel	Steering	for	Weed	Detection”	[26].		
	Figure	2.	9:	Weeding	robot		designed	by	Bakker	et	al.	Photo	source:	“Autonomous	navigation	using	a	robot	platform	in	a	sugar	beet	field”	[27].	Lalonde	et	al.	have	developed	the	sophisticated	eXperimental	Unmanned	Vehicle	(XUV),	which	uses	three-dimensional	ladar	data	to	classify	terrain.		The	XUV	is	able	to	classify	canopy,	branches,	and	ground.		The	3D	point	cloud	processing	is	broken	down	into	three	steps:	classification,	segmentation,	and	semantic	interpretation.		The	ladar	data	is	labeled	using	Bayesian	classification.		Using	3D	point	cloud	statistics,	ladar	data	is	segmented	into	three	classes:	“scatter”	(tree	canopy	and	grass),	“linear”	(wires,	tree	branches,	and	other	thin	objects),	and	“surface”	(ground,	rocks,	tree	trunks,	etc.).		Connected	components	that	group	the	3D	points	are	extracted	in	step	two.		Third,	the	components	undergo	geometric	
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analysis	to	further	differentiate	between	objects.		There	is	a	training	phase	in	which	all	the	parameters	are	learned.		The	rover	was	tested	in	various	terrain	types,	including	under	a	tree	canopy	and	a	trail	lined	with	foliage.		In	testing,	the	robot	was	able	to	classify	about	90%	of	the	prototype	points	in	less	than	1	second.		Limitations	include	automatic	scale	selection,	the	removal	of	laser	artifacts	with	point	cloud	filtering,	and	efficient	data	structure	for	rapid	computations.	Autonomous	technology	has	also	been	applied	to	ATVs,	orchard	platforms,	and	tractors.		The	family	of	vehicles	developed	by	Bergerman,	Singh,	and	Hamner,	called	Autonomous	Prime	Movers	(APMs),	assists	with	specialty	crop	cultivation	including:	pruning,	thinning,	harvesting,	etc.	[28].		The	vehicles	range	in	size	from	ATVs	to	orchard	platforms	and	tractors.		A	primary	objective	of	this	project	is	transferable	technology	between	the	vehicles	of	different	sizes.		The	vehicles	can	be	reconfigured	to	perform	various	tasks	throughout	the	year.		The	goal	is	to	create	a	line	of	vehicles	that	are	able	to	follow	crop	rows	autonomously.		The	vehicles	have	been	deployed	in	trials	with	orchards,	as	shown	in	Figure	2.	10	below.		The	vehicles	were	designed	to	be	a	maximum	of	48”	wide	at	3	ft.	up	from	ground	level.		The	APMs	are	electric-battery	powered.		The	prototype	used	a	laser	rangefinder.		Workers	operate	the	vehicles	using	an	interface.		The	only	pieces	of	information	the	APMs	need	before	operating	are	the	number	of	rows	and	row	length	and	width.	
	Figure	2.	10:		Autonomous	Prime	Mover	drives	autonomously	at	low	speed	while	workers	prune	trees.		Photo	source:	“Results	with	Autonomous	Vehicles	Operating	in	Specialty	Crops”	[28]. 
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2.6 Phenotyping	Technology		Phenotyping	technology	has	evolved	rapidly	in	recent	years	from	classic	methods	to	new,	automatic	technologies	that	can	be	used	in	green	houses	or	in	the	field.		Not	long	ago,	the	only	way	to	phenotype	was	to	manually	measure	plants	with	a	yardstick.		Now,	automatic,	rapid	phenotyping	methods	are	developing.		These	phenotyping	methods	take	a	number	of	forms,	and	can	take	place	in	the	field	or	green	house.		Green	house	or	laboratory	phenotyping	typically	uses	a	stationary	phenotyping	device	while	individual	plants	are	either	manually	or	automatically	brought	to	the	device	for	phenotyping.		One	example	of	laboratory	based	high	throughput	phenotyping	is	the	LemnaTec	scanalyzer3D	[32].		Indoor	phenotyping	can	be	highly	efficient,	but	field-based	phenotyping	provides	the	most	applicable	phenotype	data,	from	crops	under	the	effects	of	real	environmental	conditions	[38].	Field-based	phenotyping	platforms	take	a	variety	of	forms,	including	ground-based	systems	(rovers,	tractors,	and	harvesters),	cable,	gantry,	or	crane	based	systems,	and	aerial	systems	including	helicopters,	unmanned	polycopters,	and	blimps;	each	platform	type	has	its	own	benefits	and	weaknesses.		Ground-based	phenotyping	systems,	including	rovers,	tractors,	and	harvesters,	are	capable	of	capturing	data	that	does	not	need	much	post-processing	at	the	plot	or	even	individual	plant	level	[33],	but	frequent	limitations	of	these	models	include	large	width	tracks	and	internal	combustion	engines.		Cable,	crane,	and	gantry,	based	systems	typically	have	limited	coverage	area	and	high	investment	costs.		Aerial	systems	are	only	able	to	carry	very	small	payloads	and	have	flight	times	limited	by	their	power	sources.	The	BoniRob	crop	scout	and	the	BoniRob	(V2)	rovers	are	the	most	similar	to	TERRA-MEPP,	to	the	extent	of	the	author’s	knowledge	[34],	[35].		The	BoniRob	crop	scout,	seen	in	Figure	2.	11,		has	four	wheels	with	hub	motors	and	includes	hydraulics	to	aid	in	maneuvers	and	changing	height.		The	chassis	clearance	can	be	altered	in	height	from	0.4	m	to	0.8	m.		The	track	can	be	varied	in	width	from	0.75	m	to	2	m.		By	comparison,	TERRA-MEPP’s	tracks	are	much	smaller,	at	about	0.3	m.		Forage	sorghum	can	be	planted	in	crops	rows	with	widths	of	about	0.5	m	[39].		The	large	width	of	the	crop	scout’s	tracks	would	limit	its	
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mobility	in	these	crop	rows.		The	BoniRob	rover	must	straddle	crop	rows,	given	the	size	of	its	tracks.		This	is	problematic,	because	the	maximum	chassis	clearance	is	0.8	m.		Sorghum	grows	to	heights	of	0.6	to	3.7	m,	depending	on	the	variety	[39].		Therefore,	the	BoniRob	crop	scout	would	be	impractical	for	phenotyping	sorghum	crops.		TERRA-MEPP	is	better	suited	for	sorghum	phenotyping,	with	the	ability	to	phenotype	crops	up	to	5	m	in	height.		The	BoniRob	crop	scout	weighs	400	kg,	which	would	likely	compact	the	soil	in	the	crop	rows	and	create	disturbances	to	the	crops.		Comparatively,	TERRA-MEPP	weighs	less	than	90	kg	and	has	treads	instead	of	wheels,	distributing	its	lesser	weight	more	evenly	and	reducing	soil	compaction.		BoniRob’s	phenotyping	sensors	include	3D	time-of-flight	cameras	and	spectral	imaging,	light	curtain,	a	laser	distance	sensor,	and	a	RTK-DGPS	system.		The	rover	uses	the	RTK-GPS	receiver	for	localization.		There	is	a	3D	laser	sensor	on	the	front	of	the	robot	to	recognize	rows	of	plants	and	individual	plants	and	aid	in	navigation	and	mapping.		The	crop	scout’s	maximum	speed	is	8	km/hour,	and	its	maximum	power	consumption	is	2	kW.		The	rover	uses	an	electric	generator.		The	BoniRob	(V2)	improved	upon	the	original	design,	increasing	the	power	of	the	electric	generator	from	2.0	to	2.6	kW,	the	battery	capacity	from	110	Ah	to	170	Ah,	the	continuous	drive	torque	from	55	Nm	to	70	Nm,	and	the	peak	drive	torque	from	110	Nm	to	240	Nm	[35].		These	models	have	many	promising	features,	but	their	large	track	widths	present	a	serious	limitation.	
	Figure	2.	11:	BoniRob	platform.	Photo	source:	“Navigation	System	of	the	Autonomous	Agricultural	Robot	‘BoniRob’”	[36].	
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Tractor-mounted	systems	have	several	limitations,	including	their	large	size,	internal	combustion	engines,	vertical	clearance,	limited	mobility,	inability	to	operate	after	irrigation	or	precipitation,	and	the	necessity	of	experienced	operators	[38].		Tractors	are	able	to	carry	large	payloads.		The	system	built	by	Andrade-Sanchez	et	al.	on	a	LeeAgra	3434	DL	open	rider	sprayer,	shown	in	Figure	2.	12,	has	sensors	including	multi-spectral	crop	canopy	sensor,	sonar	proximity	sensor,	and	infrared	radiometer	sensors	to	measure	canopy	reflectance,	height,	and	temperature,	with	strong	agreement	between	measurements	obtained	by	the	platform	and	measurements	from	manual	and	aerial	phenotyping	methods.		This	platform	can	take	measurements	of	four	crop	rows	simultaneously,	moving	constantly	at	2.7	km	h-1	and	allowing	it	to	collect	data	at	the	rate	of	0.84	ha	h-1.		Sensor	response	times	were	slow,	with	IRT	and	sonar	transducers	limited	to	2	Hz	output	frequency.		The	data	acquisition	slowed	when	processing	multiple	GPS	strings.		The	semi-automatic	phenotyping	system	built	on	a	tractor	by	Comar	et	al.	includes	four	spectrometers,	a	hyperspectral	radiometer,	and	two	RGB	cameras.		Both	of	these	platforms	use	internal	combustion	engines.		The	tractor	by	Comar	et	al.	can	cover	100	microplots	h-1,	and	has	georeferencing	that	is	accurate	to	1	cm.		The	Autonomous	Prime	Movers	(APMs)	developed	by	Bergerman,	Singh,	and	Hamner	use	electric	batteries,	but	the	platform	specializes	in	crop	cultivation	tasks	rather	than	phenotyping.		Tractors	have	a	higher	clearance	than	most	rovers,	about	1.4	to	2	m	[37],	[40].		However,	their	large	size	can	compact	soil	and	harm	crop	canopies,	and	limits	their	usability	in	narrow	crop	rows.			
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	Figure	2.	12:	LeeAgra	sprayer	modified	for	phenotyping.		(a)	System	overview.	(b)	Sonar	proximity	sensor.	(c)	Infrared	radiometer	sensor.	(d)	Antenna.	(e)	Multi-spectral	sensor.	Photo	source:	“Field-based	high-throughput	phenotyping	platforms”	[37].	Aerial	systems	include	manned	helicopters,	unmanned	polycopters	and	helicopters,	and	blimps,	and	are	able	to	obtain	data	on	a	larger	scale,	with	the	trade-off	of	lower	resolution,	small	load	limits,	weather	restrictions,	and	the	impossibility	of	measuring	biomass	directly	[38].		Aerial	platforms	have	the	benefit	of	characterizing	many	plots	within	minutes	[33].		Federal	Aviation	Authority	regulation	is	required	unless	a	tethered	vehicle	at	a	height	of	less	than	45	m	is	used	[29].		Manned	helicopters	are	unable	to	hover	very	low,	but	from	a	height	of	50	m	they	can	capture	a	resolution	of	10-50	cm,	and	they	are	capable	of	carrying	very	large	payloads.		Operations	costs	would	be	very	high,	hourly	rental	rates	in	Arizona	are	approximately	US$1000	[29].		Unmanned	helicopters	like	the	one	in	Figure	2.	13	are	able	to	fly	at	lower	altitudes	and	are	less	costly	than	manned	helicopters,	making	them	feasible	for	phenotyping	[29].		Unmanned	polycopters	can	hover	in	stationary	positions	and	fly	on	autopilot	[33].		They	usually	have	a	RGB/CIR	camera	that	can	be	replaced	with	a	multispectral	or	hyperspectral	imaging	sensor	[33].		The	unmanned	aerial	vehicle	
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described	in	Zarco-Tejada	et	al.	and	Berni	et	al.	carries	a	payload	of	4.4	kg,	including	a	6-band	multi-spectra	camera	and	a	CMOS	sensor	[41],	[42].		The	image	sensor	has	a	15	cm	spatial	resolution	at	150	m	altitude,	the	CMOS	sensor	captures	an	image	area	of	6.66	mm	by	5.32	mm,	the	thermal	imaging	has	a	40	cm	resolution,	and	the	multispectral	imaging	has	a	20	cm	resolution.		The	CSIRO	autonomous	helicopter	designed	by	Merz	and	Chapman	carries	a	2.1	kg	payload	including	2D	LIDAR,	digital	cameras	(RICOH	GX200,	RICOH	GR	Digital	III,	and	RICOH	GR	Digital	III	for	NIR	imaging),	and	a	thermal	imaging	camera	(FLIR	Photon	640)	[43].		The	CSIRO	helicopter	has	a	1	to	2	cm	resolution	at	a	15	to	30	m	flight	altitude,	and	is	capable	of	a	60-minute	flight.		While	hovering,	the	height	error	is	0.8	m,	horizontal	position	error	is	1.8	m,	and	the	heading	error	is	9˚;	while	cruising	at	18	km	per	hour,	height	error	is	1.1	m,	horizontal	position	error	is	3.0	m,	heading	error	is	8˚	and	0.9	m	per	second.		Tethered	vehicles	are	also	a	possibility,	and	can	obtain	power	from	their	tether	[29].			A	quad-rotor	platform,	with	a	tether	delivering	electrical	power,	was	able	to	carry	a	20	kg	payload	indefinitely	[29].		Tethered	balloons	are	another	alternative,	although	they	do	not	offer	any	mobility.		Furthermore,	there	are	issues	with	accurate	orientation	and	positioning	(especially	in	wind),	and	storage,	and	tethered	balloons	require	Federal	Aviation	Authority	regulation	[29].		Jensen	et	al.	describe	a	tethered	balloon,	seen	in	Figure	2.	14,	with	a	1.0	kg	payload	that	includes	a	multispectral	sensor	and	black-and-white	video	camera	[44].		This	balloon	measures	plant	response	to	nitrogen	application,	at	a	resolution	of	0.25	m	from	an	altitude	of	400	m.		The	two	6V	battery	packs	have	a	2-hour	capacity.		
	Figure	2.	13:	CSIRO	unmanned	helicopter.	Photo	source:	“Autonomous	Unmanned	Helicopter	System	for	Remote	Sensing	Missions	in	Unknown	Environments”	[43].	
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	Figure	2.	14:		Blimp.		Photo	source:	“Detecting	the	attributes	of	a	wheat	crop	using	digital	imagery	acquired	from	a	low-altitude	platform”	[44].	Cable,	crane,	or	gantry	based	systems	like	Agricultural	Irrigation	Information	System	(AgIIS)	and	the	LemnaTec	Scanalyzer	field	system	require	prohibitively	expensive	stationary	structures,	which	also	limits	their	coverage	area.		Cable	robots	would	be	suspended	from	towers	over	fields.		Although	this	approach	could	cover	a	large	area,	it	is	difficult	to	maintain	consistent	height	over	the	field,	and	safety	and	maintenance	would	be	sources	of	concern	[29].		It	is	costly	to	span	more	than	50	m	with	crane-like	vehicles	[38].		AgIIS,	built	on	a	linear-move	irrigation	system,	is	able	to	cover	a	longer	distance.		AgIIS	is	built	on	a	trolley	that	can	travel	the	length	of	a	100	m	linear-move	irrigation	system,	and	cover	a	field	with	a	length	of	100	m	[38].		AgIIS	measured	nitrogen	and	water	stress	in	a	cotton	field	using	multi-spectral	data	at	a	1	m	spatial	resolution.		Adding	RTK	GPS	and	variable	speed	motors	would	increase	the	accuracy	of	speed,	position,	and	control	[29].		The	LemnaTec	Scanalyzer	field	system	does	high	throughput	phenotyping	using	a	gantry	system	like	the	structure	in	Figure	2.	15	[45].		The	system	has	two	layout	options:	a	“portal	bridge	crane	system”	on	rails	for	long	fields,	which	can	cover	several	hundred	square	meters,	or	the	Field	Gantry,	which	has	a	mono-rail	car	on	a	bridge	and	can	cover	many	sizes	of	rectangular	fields.		Both	setups	can	accommodate	fields	with	a	width	of	10	or	25	m	[46].		
	 	24	
The	length	can	be	100	m	or	longer,	the	only	limiting	factor	is	the	maximum	length	of	the	daily	scan.		The	camera	height	can	be	up	to	4.5	m	above	the	ground.		At	1.8	m	above	the	ground,	the	VIS	image	size	is	approximately	1.5	square	m.		The	LemnaTec	systems	include	sensors	for	visible	light,	infrared,	near	infrared,	extended	VNR,	multispectral	imagery,	height	measurements	via	laser	scan,	fluorescence,	an	NDVI	sensor	to	measure	nitrogen,	and	sensors	for	environmental	measurements	including	carbon	dioxide,	light,	precipitation,	temperature,	and	wind	[45].		The		system	also	has	side	view	cameras	on	a	robotic	arm	that	move	vertically	[45].		
	Figure	2.	15:	LemnaTec	ScanalyzerField.	Photo	source:	[8].		 	
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Platform	
Name	
Weed	detection	
platform	
Autonomous	
weed	control	
platform	
	Precision	
horticulture	
platform	
eXperimental	
Unmanned	
Vehicle	(XUV)	
Platform	
Type	
Rover	 Rover	 Rover	 Rover	
Function	 Weed	detection	 Crop	
mapping,	
weed	control	
	Location	and	
identification	
of	plants,	soil,	
weeds	
Terrain	
classification,	
3D	data	
processing	
Sensors	 	–	 Camera	 	–	 	GDRS	
mobility	laser	
Resolution	 	–	 659x494	
pixels	
	–	 	180x32	pixels	
at	20Hz,	80m	
range	
Navigation	 Topcon	Legacy	
dual	frequency	
GPS	receiver,	
Row	guidance	
camera,	four	
wheel	steering,		
KVHE-Core	2000	
fiber	optic	
gyroscope,	
Magnetometer	
Visual	row	
detection,	
Real	Time	
Kinematic	
Differential	
GPS	(RTK-
DGPS)	
Kalman	filter,	
orientation	
error	from	
commanded	
path,	solid	
state	magnetic	
compass,	
image	analysis,	
row	detection	
–	
Accuracy	 	Navigation:	
<2cm	std.	
deviation	
Position:		
1-2cm	
Heading:	0.3˚	
	Position:		
0.8cm	
Row	following:	
2.1cm	
	–	
Height	
Clearance	
	0.5m	 0.5	m	 		 	–	
Track	
Width	
1m	 0.5	or	0.75m	 1.86m	 	–	
Motor	
Type,	
Power	
	Electric	motors	
in	wheels	
Kubota	diesel	
engine,	31kW	
Internal	
combustion	
engine	
	–	
Speed	 0.72km/h	 3.6km/h	 6.48km/h	 	5.4-7.2km/h	
Battery	
capacity	
	–	 	–	 	–	 	–	
Weight	 	150kg	 	–	 	–	 	–	
Payload	 	–	 	–	 	–	 	–	
Crop	 	–	 Sugar	beet	 Brassica	(100	
mm),	sugar	
beet	
Tree	canopy,	
foliage	
Reference	 [26]	 [27]	 [30]	 [47]	
	 	
Table	2.	1:	Autonomous	rovers	for	weed	detection,	crop	mapping,	and	terrain	classification.	
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Platform	
Name	
TERRA-MEPP	 BoniRob	crop	scout	 BoniRob	(V2)	
Platform	
Type	
Rover	 Rover	 Rover	
Function	 Field-based	phenotyping	 Field-based	phenotyping	 Field-based	phenotyping	
Sensors	 2D	depth	cameras,	Visible	light	
sensor,	Hyperspectral,	Thermal	
imaging,	Environmental	sensors	
3D	time-of-flight,	Laser	distance,	
VIS/NIR	Imspector	spectral	
imaging,	Light	curtain	
3D	time-of-flight,	Laser	distance,	
VIS/NIR	Imspector	spectral	imaging,	
Light	curtain	
Resolution	 Individual	plant	 	Individual	plant	 Individual	plant	
Navigation	 Computer,	Pixhawk+GPS,	LiDAR	 RTK-GPS,	Laser	distance	sensors,	
Inertial	and	odometry	sensors,	
Kalman	filter,	Light	curtains,	A	
priori	and	GPS	information	
RTK-GPS,	Laser	distance	sensors,	
Inertial	and	odometry	sensors,	
Kalman	filter,	Light	curtains,	A	priori	
and	GPS	information	
Accuracy	 	 	–	 –	
Height	
Clearance	
5m	 0.4-0.8m	 	
Track	
Width	
0.3m	 0.75-2m	 	
Motor	
Type,	
Power	
Electric	motor	 Hub	motors	in	wheels,	electric	
generator,	2.0kW	
Hub	motors	in	wheels,	electric	
generator,	2.6kW	
Speed	 0.3hectares/h	 8km/h	 –	
Battery	
capacity	
	 	110Ah	 170Ah	
Weight	 <90kg	 400kg	 –	
Payload	 	 –	 –	
Crop	 Energy	sorghum	 Corn,	winter	wheat	 –	
Reference	 	 [34]	 [35]		 	
Table	2.	2:	Autonomous	rover	phenotyping	platforms.	
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Platform	
Name	
Proximal	sensing	cart	
(PSC)	
	Field-based	high-throughput	phenotyping	
platform	
Semi-
automatic	
phenotyping	
system	
Autonomous	Prime	
Movers	(APMs)	
Platform	
Type	
Cart	 Tractor	(LeeAgra	3434	DL	open	rider	
sprayer)	
Tractor	 ATVs,	orchard	
platforms,	tractors,	
etc.	
Function	 Crop	research	 Measure	canopy	reflectance,	height,	
temperature	
High	
throughput	
phenotyping	
Pruning,	thinning,	
harvesting,	and	other	
tasks	for	specialty	
crop	cultivation.			
Sensors	 Monochrome	cameras	
(2),	infrared	
thermometers	(3)	
Multi-spectral	crop	canopy	sensor	(Crop	
Circle	ACS-470,	filter	center	wavelengths:	
670	nm,	red	light,	bandwidth:	10	nm;	720	
nm,	red-edge	light,	bandwidth:	10	nm;	820	
nm,	NIR	light	bandwidth:	~60	nm)	
Spectral	data:	(Holland	Scientific	GeoScout	
GLS-420	datalogger)	
Sonar	proximity	sensor	(Pulsar	dB3	
transducer	[Pulsar	Process	Measurement	
Ltd,	Malvern,	UK]	Resonant	frequency:	
125kHz,	Diameter	radiating	face:	19mm,	
Beam	angle:	less	than	10˚,	0-20mA	output);
Infrared	radiometer	sensors	(2),	(Apogee	
SI-121,	18˚	half-angle	field	of	view)	
Spectrometers	
(4),	400-1000	
nm	
	
Hyperspectral	
radiometer	
(VIS-NIR	range)	
	
RGB	cameras	
(2),	[Canon	
1000D,	3888	x	
2592	pixels]		
Laser	rangefinder	
Resolution	 –	 Limited	by	sampling	frequency	and	
platform	speed;	sonar	transducers	and	IRT	
maximum	output	speed	was	2Hz	
Spectrometers:	
3	nm	at	FWHM	
	–	
Navigation	 GPS	for	geo-
referencing	
(RTK)	GPS	receiver:	A320	Smart	Antenna	
Rover	receiver	on	boom	output	position	
data	at	1Hz	
Another	receiver	(A321	Smart	Antenna,	
Hemisphere	GPS)	used	as	a	base	station	to	
broadcast	high-precision	correction	data	
RTK	GPS	and	
Virtual	
Reference	
Station	(VRS)		
for	geo-
referencing		
Follow	crop	rows	
autonomously	
Accuracy	 –	 Effective	sensor	data	collection	limited	to	
maximum	heights	of	1.1-1.4m	
1	cm	(geo-
referencing)	
	–	
Height	
Clearance	
1.06m	 1.93	m;	sensor	clearance	1.1-1.4m	 2	m	 0.9m	
Track	
Width	
2.06m	 	–	 –	 0.12m	maximum	
Motor	
Type,	
Power	
No	engine,	human	
propelled	
Internal	combustion	engine	 Internal	
combustion	
engine	
Electric	battery	
Speed	 1.30km/h	 2.7km/h;	0.84ha/h	 100micro-
plots/h	
	0.3km/h-24km/h	
Weight	 40kg	 	–	 –	 	–	
Payload	 –	 	–	 –	 	–	
Crop	 Winter	cereals,	durum	
wheat,	barley,	
camelina,	upland	
cotton	
	Pima	cotton	 Durum	wheat,	
common	
wheat	
orchards	
Reference	 [48]	 [37]	 [40]	 [28]	
Table	2.	3:	Phenotyping	platforms:	carts	and	tractors.	
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Platform	Name	 Agricultural	Irrigation	Information	System	(AgIIS)	 LemnaTec	ScanalyzerField	
Platform	Type	 Attached	to	linear-move	irrigation	system	 Crane	or	gantry	
Function	 Measure	nitrogen	and	water	stress	 High	throughput	phenotyping	
Sensors	 Multi-spectral	sensor,	Thermal	sensor	 RGB,	Visible	and	Near	Infrared	(VNIR),	
Infrared	(IR),	CO2,	NDVI,	Multispectral,	
Fluorescence,	Laser	heat	scan,	Wind,	
Temperature,	Precipitation,	Light	
Resolution	 1m	 Visible	light	sensor:	max	6576	x	4384	px	
“Spectral	range	VIS,	400	–	700	nm
Max	frame	rate	at	full	resolution	17	fps	
Bit	depth	24	bit”
Image	1.5m2	size	at	1.8m	above	ground
Fluorescence:	max	1390	x	1038	px
•		“Spectral	range	VIS,	620	-	900	nm	
•		Max	frame	rate	at	full	resolution	24	fps	
•		Bit	depth	14	bit”
Near	Infrared	(NIR):
“Resolution	640	x	480	px
Spectral	range	SWIR,	900	-	1700	nm
Max	frame	rate	at	full	resolution	24	fps	
Bit	depth	14	bit”
IR:	“Resolution	1388	x	1038	px	
Spectral	range	VIS,	680	-	900	nm	
Max	frame	rate	at	full	resolution	5	fps		
Bit	depth	14	bit”
PSII:	Resolution	1388	x	1038	px	
Spectral	range	VIS,	680	-	900	nm	
Max	frame	rate	at	full	resolution	5	fps	
Bit	depth	14	bit
Hyperspectral:	“Spatial	Resolution	1680	px	
line	width	
Spectral	Resolution	923	bands	
Spectral	range	VNIR,	400	–	1,000	nm	
Max	frame	rate	at	full	resolution	100	fps	
Bit	depth	16	bit”
Height:	Resolution	±4mm	
Navigation	 –	 Rail	
Accuracy	 RTK	GPS	and	variable	speed	motors	would	
increase	accuracy	of	speed,	position,	and	control	
–	
Maximum	Height		 –	 Camera	max	4.5m	from	ground	
Track	Width	 Trolley	covers	area	100m	X	100m	 System	covers	area	up	to	10m	wide,	length	
unlimited	
Motor,	Power	 DC	gear	motor,	90volt	 –	
Speed	 0.4ha/h	 –	
Crop	 cotton	 –	
Reference	 [29],	[49]–[51]		 [45]	
	 	
Table	2.	4:	Autonomous	phenotyping	platforms:	linear-move,	crane,	and	gantry	based	platforms.	
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Platform	Name	 Airborne	narrow-band	multispectral	camera	 CSIRO	autonomous	helicopter	
Platform	Type	 UAV	 UAV	
Function	 Chlorophyll	fluorescence	imaging	
(vegetation	stress	detection)	
phenotyping	
Sensors	 Multispectral	sensor:	6-band	multi-spectra	
camera	(MC-6,	Tetracam,	Inc.,	California,	
USA)	
	
CMOS	sensor	
2D	LIDAR	
“RICOH	GX200	digital	camera	with	zoom	lens	
RICOH	GR	Digital	III	digital	camera	
RICOH	GR	Digital	III	camera	mod.	for	NIR	imaging	
FLIR	Photon	640	thermal	imaging	camera”	
Resolution	 Image	sensor:		
1280x1024	pixels,	10-bit	radiometric	
resolution	
optics	focal	length:	8.5	mm	
angular	FOV	of	42.8˚x34.7˚	
15cm	pixel	spatial	resolution	at	150m	flight	
altitude	
CMOS	sensor:	
pixel	size	5.2μm	×	5.2μm		
image	area	6.66mm	×	5.32mm	
operated	in	a	progressive	scan	mode	
54dB	signal-to-noise	ratio	
b0.03%	fixed	pattern	noise	
28mV/s	dark	current	
60dB	dynamic	range	
Thermal	imaging:		
40cm	resolution,		
7.5–13μm	region	
Multispectral	imaging:		
20cm	resolution,		
400–800nm	region	
1-2cm	resolution	from	15	to	30m	flight	altitude	
Navigation	 	Autonomous	navigation	based	on	
preprogrammed	waypoints	
3-axis	magnetometer,	3-axis	
accelerometers,	L1	GPS	board,	yaw	rate	
gyros		
“L	1	C/A	GPS	receiver	(2.5m	CEP)	
MEMS	based	AHRS	(±2˚/	±	
0.5˚	dynamic/static	accuracy)	
High-res.	barometric	pressure	sensor	(~20cm	
resolution	at	sea	level)	
Hokuyo	UTM-30LX	2D	LIDAR	(optional)	
Vortex86DX	800MHz	navigation	computer	
Via	Mark	800MHz	flight	computer”	
Accuracy	 –	 Hover	
Height	error:	0.8m	
Horizontal	position	error:	1.8m	
Heading	error:	9˚	
18	km/h	cruise	
Height	error:	1.1m	
Horizontal	position	error:	3.0m	
Cross	track	error:	1.6m	
Heading	error:	8˚,	0.9m/s	
Height	 	–	 15-60	m	
Motor,	Power	 	29cc	engine	 Two-stroke	gasoline	engine,	23cm3	
Speed	 	30km/h	 18km/h	
Battery	capacity	 	–	 60min	flight	
Weight	 	–	 12.3kg	max	
Payload	 	4.4kg	 2.1kg	
Crop	 	Peach,	olive,	orange	 wheat	
Reference	 	[41][42]	 [43]	
Table	2.	5:	Autonomous	phenotyping	platforms:	unmanned	aerial	vehicles	(UAVs).	
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CHAPTER	3	TECHNOLOGY	TO	MARKET	PLAN	AND	METHODOLOGY			3.1 The	TERRA-MEPP	Technology		TERRA-MEPP	uses	electronic	sensors	including	multi-spectral	reflectance,	visual,	thermal,	and	more	to	gather	data	on	plants’	physical	characteristics,	as	well	as	software	and	data	storage	that	are	integrated	to	pinpoint	high	yield	genotypes.		The	platform’s	strengths	include	navigating	rough	terrain,	communication,	and	safely	being	submerged,	since	the	technology	is	based	on	platforms	used	in	search	and	rescue	and	storm	drain	mapping.	The	TERRA-MEPP	project	includes	the	rover,	software,	predictive	modeling,	the	TASSEL	software	and	GOBII	database,	and	new	germplasms.		The	rover	is	capable	of	rapidly	measuring	phenotypic	(physical)	traits	and	identifying	high	yield	genotypes	(the	genetic	characteristics).		Software	on	the	robotic	device	will	analyze	and	interpret	data,	with	3D	virtual	reconstruction	and	cloud	point	analysis	of	plants	on	a	singular	basis.		The	predictive	model	will	process	data	to	assess	physical	traits	and	predict	yields.		The	TASSEL	software	and	GOBII	database	will	predict	differences	in	biomass	yield	between	genotypes	at	target	development	stages,	based	on	daily	predictions	of	biomass	yield.		If	the	project	is	extended,	it	will	include	the	development	of	new	germplasms.	The	TERRA-MEPP	product	has	many	benefits.		It	will	draw	from	state-of-the-art	technology	in	various	fields	to	take	measurements	and	predict	yield	during	the	growing	season.		The	platform	is	able	to	capture	phenotypic	measurements	rapidly.		TERRA-MEPP’s	low	price	point	makes	it	stand	out;	at	less	than	$20	thousand,	TERRA-MEPP	will	make	rapid	phenotyping	much	more	accessible.		TERRA-MEPP	will	contribute	the	the	development	of	the	next	generation	of	energy	crops,	and	it	will	be	able	to	recognize	potentially	high	yield	germplasm	early	in	the	plant	growth	cycle.		By	lowering	costs	and	the	amount	of	necessary	infrastructure,	TERRA-MEPP	will	aid	the	U.S	in	becoming	a	stronger	competitor	in	the	phenotyping	industry.	
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3.2 Transitioning	from	Development	to	Market		The	project	team	will	consider	three	paths	for	transitioning	TERRA-MEPP	to	market,	including	establishing	a	research	partnership,	forming	a	start-up,	and	licensing	the	IP.		Partnering	with	a	major	company	would	allow	the	technology	to	be	licensed	to	a	partner,	such	as	a	large	agricultural	company,	who	can	fund	the	next	development	stage	and	do	large	scale	testing	of	the	technology,	while	the	University	of	Illinois	would	be	credited	for	the	invention.		A	desirable	partnering	organization	would	have	existing	skills,	knowledge,	and	market	presence	in	the	plant	breeding	industry.		A	start-up	would	show	the	large-scale	capability	of	TERRA-MEPP	using	venture	capital	funding,	with	the	intention	of	creating	interest	for	acquisition	of	the	company.		This	path	would	make	use	of	UI	Enterprise	Works,	the	incubator	on	the	University	of	Illinois	campus	that	has	successfully	launched	several	startups.		Enterprise	Works	offers	benefits	including	pitching	sessions	with	investors,	i-Start	funds	specifically	available	for	beginning	start-ups,	and	the	Technology	Development	Fabrication	Center,	where	TERRA-MEPP	could	be	commercially	produced.		Ideally	TERRA-MEPP	can	be	marketed	as	a	single	product	including	the	various	project	components	(the	rover,	databases	of	genomic	information,	and	germplasm)	for	the	greatest	potential	value.		However,	it	is	also	possible	to	market	the	components	individually.		The	third	path	would	be	to	license	the	IP	to	companies	that	can	further	develop	TERRA-MEPP.		It	is	possible	to	pursue	more	than	one	of	these	paths.		3.3 Expected	Markets		Potential	stakeholders	in	TERRA-MEPP	include	large	scale	and	small	scale	breeders	looking	to	improve	yields,	as	well	as	individual	farmers	looking	to	monitor	their	crops.		The	early	market	is	expected	to	be	large	agricultural	businesses	willing	to	invest	capital	in	TERRA-MEPP	in	the	early	stage	in	the	interest	of	improving	their	breeding	technology.	Small	scale	breeders	will	be	the	longer	term	market,	when	the	technology	is	more	established.		The	markets	will	also	be	determined	by	which	part	of	TERRA-MEPP	attracts	interest.		The	robotic	platform	will	be	initially	marketed	to	major	companies,	but	may	find	a	
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larger	market	long	term	with	small	scale	breeders.		The	rover	could	also	be	marketed	to	individual	farmers	over	the	longer	term.		It	is	possible	to	market	the	components	of	TERRA-MEPP	(the	rover,	genomic	database	training,	and	new	germplasm)	as	individual	products	or	in	a	combination	that	would	be	desirable	to	prospective	buyers.			3.4 Value	Chains		The	value	chains	outline	the	activities,	outputs,	and	key	players	for	each	stage	in	the	development	of	the	TERRA-MEPP	products.		TERRA-MEPP	is	composed	of	three	products–	the	robot,	the	genomic	databases,	and	the	germplasm.		The	goal	is	to	market	the	products	together	for	the	greatest	value.		It	is	possible	to	sell	the	database	services	and	germplasm	separately	from	the	platform	(though	at	a	lower	value	than	as	a	whole),	but	the	platform	relies	on	the	database	and	germplasm	for	development.			The	value	chain	for	the	robotic	platform	is	shown	in	Figure	3.	1,	and	includes	developing	the	robot,	implementing	the	software,	mass	production	of	the	robot,	producing	the	databases,	and	pursuing	new	markets.	During	robot	development,	there	is	a	low	risk	that	raw	materials	will	be	unavailable,	or	materials	may	be	costlier	than	budgeted.		These	risks	would	be	mitigated	by	searching	for	other	vendors,	and,	if	necessary,	looking	for	international	vendors.		Another	risk	is	that	the	robot	may	not	function	as	planned.		This	would	have	a	large	impact	on	the	project.		Mitigation	would	involve	continued	testing	by	the	team’s	experts,	and	frequent	team	meetings	to	discuss	possible	issues.		During	software	development,	if	any	software	issues	are	encountered,	the	same	tactics	of	testing	and	team	consultation	would	be	used.		During	the	commercialization	phase,	interest	from	industry	partners	will	be	important.		The	team	will	connect	with	industry	during	the	early	stages	of	the	project	to	understand	industry	needs	and	incorporate	those	needs	into	the	platform	and	software.		In	order	to	ensure	there	is	enough	valuable	IP	to	market,	the	project	has	an	intellectual	property	specialist	who	will	work	to	identify	project	IP	and	possible	open	areas	to	develop	and	commercialize	IP.		
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	Figure	3.	1:	The	robot	value	chain	includes	developing	the	robot	and	software,	mass	producing	the	robot,	developing	the	plant	databases,	and	marketing	the	TERRA-MEPP	products.		 below	are	the	value	chains	for	the	genomic	databases	and	the	development	of	the	germplasm.		The	genomic	databases	value	chain	in	Figure	3.	2	includes	developing	the	quantitative	trait	locus	(QTL)	models,	deploying	the	gene-environment	interaction	(GxE)	models,	and	identifying	startups	interested	in	offering	database	training	services.		Figure	3.	3	illustrates	the	germplasm	development	value	chain,	which	includes	developing	new	germplasm,	identifying	performance	data	on	the	germplasm,		and	finding	a	market	for	the	germplasm	among	breeding	companies.		
	
Activity	 Construction	of	Robot	 Implementation	of	Software	 Mass	Production	of	Robot	System	 Plant	Informatics	 Marketing	in	Other	Domains	
Product	
(Output)	
Core	Robot	Platform	 Data	Handling	and	User	Interfaces	 End-User	Robot	Platform	 Databases	 	
Key	
Domestic	
Players	
UIUC	 UIUC	and	Signetron	 UIUC	and	Commercial	Partner(s)	 Team	and	Commercial	Partner(s)	 		
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	Figure	3.	2:	The	genomic	database	value	chain	includes	developing	the	quantitative	trait	locus	(QTL)	models,	deploying	the	gene-environment	interaction	(GxE)	models,	and	identifying	startups	interested	in	offering	database	training	services.		
	Figure	3.	3:	The	germplasm	development	value	chain	includes	developing	new	germplasm,	identifying	performance	data	on	the	germplasm,		and	finding	a	market	for	the	germplasm	among	breeding	companies.		3.5 Value	Proposition		TERRA-MEPP	provides	innovative	solutions	to	existing	problems	in	crop	improvement.		There	is	a	need	in	the	plant	breeding	industry	for	a	method	of	low-cost,	rapid	phenotyping	that	does	not	disturb	crops.		TERRA-MEPP	meets	that	need.		The	platform’s	small	dimensions	allow	it	to	travel	down	a	single	crop	row	rather	than	straddling	rows.		TERRA-
	
Activity	
Develop	QTL	models	to	predict	plant	growth	through	the	growing	season	 Deploying	time-series	GxE	models	in	TASSEL	
Identify	small	startups	who	could	be	interested	in	providing	training	services	
Product	(Output)	 QTL	models	 Models	ready	to	be	used	by	TASSEL,	that	can	translate	daily	biomass	yield	predictions	into	genetic	variance	
List	of	startups	who	are	interested	to	provide	training	to	companies	
Key	Domestic	
Players	
Cornell	University	 Cornell	University	 Cornell,	startup	companies		
	
Activity	 Develop	new	germplasm	 Identify	performance	data	on	the	germplasm	 Talk	to	breeding	companies	who	could	be	interested	in	the	new	germplasm	
Product	(Output)	 New	germplasm	 Data	available	on	performance	 List	of	potential	breeding	companies	
Key	Domestic	
Players	
UIUC	 UIUC	 UIUC	and	breeding	companies,	like	Chromatin,	NexSteppe,	and	CERES		
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MEPP	provides	phenotyping	data	at	the	individual	plant	level,	over	the	course	of	the	plants’	growth	cycle.		Classic	phenotyping	methods	are	slow	and	labor	intensive.		TERRA-MEPP	is	able	to	collect	vastly	greater	amounts	of	phenotypic	data	and	requires	less	human	capital.		Once	collected,	there	is	often	a	bottleneck	in	data	processing	to	create	new	knowledge	about	crop	yields.		The	genomic	database	component	of	TERRA-MEPP	processes	the	phenotyping	data	to	provide	useful	information	on	genetic	variance.	Costing	less	than	$20	thousand	for	a	base	model,	TERRA-MEPP	will	make	rapid	phenotyping	much	more	affordable.		Current	technology	comes	with	a	much	higher	price	tag.		TERRA-MEPP	autonomously	collects	data,	reducing	the	requirements	for	human	capital	and	lowering	associated	costs.	TERRA-MEPP	compares	well	with	competing	technology.		TERRA-MEPP’s	small,	battery	powered	platform	performs	phenotyping	without	disturbing	crops,	unlike	large,	diesel	powered	platforms.		Lower	cost	than	existing	systems	(less	than	$20	thousand)	makes	TERRA-MEPP	much	more	accessible	to	breeders.		The	rover-based	platform	is	highly	portable	and	can	be	used	over	multiple	fields,	rather	than	being	limited	to	a	single	plot	the	way	gantry-based	systems	are.		3.6 State	of	the	Market		The	major	prospective	customers	for	TERRA-MEPP	are	breeders,	especially	breeders	for	whom	competing	technology	is	prohibitively	expensive.		Farmers	are	potentially	a	second	customer	segment.		TERRA-MEPP	can	be	marketed	to	farmers	as	a	crop	scout	platform	if	a	few	modifications	are	made	to	TERRA-MEPP.		In	this	section,	the	state	of	the	seed	breeding	and	farming	markets	are	examined.		3.6.1 Breeding		 Every	year,	billions	of	dollars	are	in	invested	in	agricultural	research	and	development	(R&D)	by	public	and	private	entities	around	the	globe.		Private	spending	has	generally	been	greater	than	public	spending	on	agricultural	R&D	in	the	U.S.	since	the	end	of	
	 	36	
the	1970s,	with	private	spending	at	about	$4.95	billion	each	year,	while	government	spending	is	about	$4.40	billion	per	year	[52].		Private-sector	agricultural	research	and	development	increased	greatly	from	1994	to	2010	(most	recent	data	available).		In	2006,	the	United	States	had	more	private	spending	on	food	an	agricultural	R&D	than	any	other	country	[52].		Spending	on	crop	seed	and	biotechnology	R&D	grew	the	most	over	the	1994	to	2010	period,	expanding	from	$1.5	billion	in	1994	to	almost	$3.5	billion	in	2010	(adjusted	2006	dollars	U.S.),	shown	in	Figure	3.	4	[52].		Meanwhile,	the	price	farmers	pay	for	seed	doubled	between	1994	to	2010	compared	to	the	crop	price	received	by	farmers	[52].		Market	concentration	has	happened	more	rapidly	in	the	seed	market	than	in	any	other	agricultural	sector	in	recent	years	[52].		Private	agriculture	and	biotechnology	companies	also	invested	$340	million	in	R&D	in	biofuel	feedstock	improvement	as	part	of	a	total	$1.47	billion	of	private	investment	in	biofuel	industry	R&D	in	2009	[52].			
	Figure	3.	4:	Private	research	and	development	spending	for	crop	seed	and	biotechnology	worldwide,	1994	to	2010.		Data	source:	US	Dept.	of	Agriculture,	Economic	Research	Service	[52].		Large	agricultural	corporations	including	KWS,	Limagrain,	Dow,	Dupont,	BASF,	Monsanto,	Syngenta,	and	Bayer	spend	hundreds	of	millions	of	dollars	on	research	and	development,	including	R&D	for	crop	science	and	crop	seeds.		R&D	spending	by	these	corporations	is	shown	in	Figure	3.	5	below.	
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	Figure	3.	5:	Estimated	expenditures	in	R&D	by	large	multinational	corporations	including	the	“Big	6”	(Bayer,	Syngenta,	Monsanto,	Dupont,	Dow,	and	BASF)	and	public	institutions.		Data	source:	Fuglie	2011	[52].		Private	spending	on	biotechnology	and	crop	seed	research	and	development	has	been	higher	than	public	spending	in	most	years.		From	1994	to	2010,	the	share	of	this	R&D	done	by	agricultural	seed-chemical	companies	has	increased	from	22	percent	of	the	total	private	R&D	to	76	percent,	while	the	share	of	R&D	done	by	other	seed	companies	has	decreased	from	67	percent	of	the	whole	to	21	percent,	while	R&D	spending	by	small	and	medium	biotechnology	firms	has	decreased	moderately,	from	11	percent	to	3	percent	of	the	total	R&D	[52].		Figure	3.	6	below	shows	the	trend	over	time.		
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	Figure	3.	6:	Spending	by	private	companies	on	research	and	development	in	biotechnology	and	crop	seeds,	1995	to	2010.		Data	source:	[52].		Seed	companies	can	be	divided	into	four	categories,	based	on	size.		The	first	category	is	the	largest	seed	companies,	or	“Big	6”,	including	Monsanto,	Syngenta,	Dow,	Dupont,	and	Bayer,	as	well	as	BASF	[52].		These	are	large	multinational	firms.		As	Figure	3.	7	shows,	the	largest	eight	companies	had	76	percent	of	the	global	R&D	share	in	2006	[52].		In	2009,	these	largest	companies	had	63	percent	of	seed	sales	[52].		The	second	category	of	seed	companies	are	those	which	perform	some	R&D,	though	with	less	intensity	than	the	companies	in	category	one.		The	third	category	includes	smaller	companies	that	do	not	perform	research,	but	have	licenses	with	other	companies	to	grow	and	distribute	seed	[52].		The	fourth	category	is	characterized	by	medium	and	small	agricultural	biotechnology	firms	that	have	high-intensity	research	and	aim	to	generate	new	biotechnology	tools	and	services	or	genetic	traits	to	sell	to	other	agricultural	companies		[52].		
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	Figure	3.	7:	Comparison	of	seed	companies	by	size	in	2006.		Eight	large	seed	companies	and	BASF	held	76	percent	of	the	global	R&D	share,	with	twice	the	R&D	intensity	of	midsize	companies.		Meanwhile,	agricultural	biotechnology	companies	were	far	more	numerous	and	had	greater	average	R&D	intensity.		Number	of	“Other	seed	companies”	not	available.		Data	source:	[52].		Small	and	medium	size	agricultural	biotechnology	companies	are	large	in	number,	as	illustrated	by	Figure	3.	7.		They	also	have	high	turnover.		In	fact,	more	of	these	small	and	medium	size	companies	left	the	agricultural	industry	than	entered	it	between	1979	and	2009,	shown	in	Figure	3.	8	below	[52].		Roughly	75	percent	of	this	attrition	can	be	attributed	to	acquisitions,	with	the	rest	of	the	turnover	caused	by	divestment	and	bankruptcies	[52].		Although	agricultural	biotechnology	companies	have	high	research	intensity,	they	account	for	no	more	than	5	percent	of	all	biotechnology	and	seed	research	by	private	companies	[52].	
8
29
58
15.8
7.3
2
42.1
76%
14%
3%
8%
49%
19%
16%
2%
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
10
20
30
40
50
60
70
Large	seed	companies	(>	
$600	million	sales)	+	BASF
Midsize	seed	companies	
($50-600	million	sales)
Other	seed	companies Agricultural	biotechnology	
companies
Pe
rc
en
t
Nu
m
be
r
Companies	(left	axis) Average	R&D	intensity	(left	axis)
Global	R&D	share	(right	axis) Global	market	share	(right	axis)
	 	40	
	
	Figure	3.	8:	Presence	of	small	and	midsize	startups	in	the	agricultural	biotechnology	industry	since	1979.		More	companies	have	left	the	industry	than	have	entered	it.		Chart	source:	[52].		3.6.2 Farming		The	majority	of	America’s	farm	production	(85	percent)	occurs	on	family	farms,	which	include	97	percent	of	all	farms	in	the	United	States	[53].		The	Agricultural	Resource	Management	Survey	(ARMS)	divides	family	farms	into	several	types:	Small	Family	Farms	with	gross	cash	farm	income	(GCFI)	under	$350	thousand,	including	retirement	farms,	off-farm	occupation	farms,	farming-occupation/low-sales	farms,	and	farming-occupation/moderate-sales	farms;	Midsize	Family	Farms	with	GCFI	from	$350	thousand	to	less	than	$1	million;	and	Large-Scale	Family	Farms,	with	GFCI	of	$1	million	or	more.		About	60	percent	of	agricultural	production	in	the	United	States	comes	from	midsize	and	large	family	farms,	even	though	small	family	farms	accounted	for	89.7	percent	of	farms	in	2011	[53].		The	distribution	of	farms,	production,	and	assets	are	illustrated	in	Figure	3.	9.		
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	Figure	3.	9:	Distribution	of	American	farms,	agricultural	production	value,	and	assets	by	percent,	2014		Data	source:	USDA-Economic	Research	Service,	Agricultural	Resource	Management	Survey.		Table	3.	1	lists	crop	sales	per	farm	in	2014	by	farm	typology.		Large	and	very	large	family	farms	had	crops	sales	in	the	millions	and	moderate-sales	and	midsize	family	farms	had	crops	in	the	hundreds	of	thousands,	while	retirement,	off-farm	occupation,	and	low-sales	farms	had	crops	sales	below	$12	thousand.		 Table	3.	1:	2014	crop	sales	per	farm	by	topology.		Data	source:	USDA-Economic	Research	Service,	Agricultural	Resource	Management	Survey.	
CROP	SALES,	2014	 	
Farm	Typology	 Dollars	per	farm	Retirement	farms	(New)	 	$6,263		Off-farm	occupation	farms	(New)	 	$7,055		Farming-occupation/low-sales	farms	(New)	 	$11,548		Farming-occupation/moderate-sales	farms	(New)	 	$104,551		Midsize	family	farms	(New)	 	$317,959		Large	farms	(New)	 	$1,099,341		Very	large	farms	(New)	 	$4,342,206		Nonfamily	farms	 	$698,502		
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A	few	nonfamily	farms	account	for	a	sizeable	portion	of	crop	production.		Nonfamily	farms	were	only	3	percent	of	the	farms	in	the	U.S.	in	2011,	but	their	output	was	15	percent	of	the	total	American	agricultural	production	value	[54].		Most	of	the	production	by	nonfamily	farms	is	concentrated	in	the	largest	farms:	85	percent	of	the	production	by	nonfamily	farms	is	on	the	11	percent	of	nonfamily	farms	that	have	GCFI	greater	than	$1	million	[54].		The	average	nonfamily	farm	only	had	crops	sales	of	about	$699	thousand	in	2014,	shown	in	Table	3.	1	above.	Larger	farms	are	increasingly	important	in	agricultural	production,	though	small	farms	still	have	a	significant	role	in	the	production	of	some	commodities	[55][54].		Figure	3.	10	below	shows	the	distribution	of	production	of	various	commodities	among	the	different	sizes	of	farms;	midsize	and	large	family	farms	together	produced	over	70	percent	of	the	value	of	production	for	cash	grains	and	soybeans	in	2011.		Meanwhile,	small	family	farms	produced	more	poultry,	hay,	or	beef	than	any	other	class	of	family	farms.		
	Figure	3.	10:	2011	distribution	of	commodity	production	value	by	farm	typology.		Graph	source:	USDA,	National	Agricultural	Statistics	Service	and	Economic	Research	Service,	2011	Agricultural	Resource	Management	Survey,	Phase	III	[54].			
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The	amount	of	labor	provided	directly	by	the	family	on	family	farms	decrease	with	size.		On	small	family	farms,	70	to	80	percent	of	the	work	is	done	by	the	operator	and	their	spouse.		For	midsize	farms	this	number	decreases	to	50	percent.		On	very	large	farms,	this	number	is	only	5	percent.		Meanwhile,	on	midsize	farms	hired	labor	accounts	for	34	percent	of	the	labor,	and	increases	to	74	percent	on	very	large	farms	[54].		Retirement	farms	and	off-farm	occupation	farms	require	approximately	two-thirds	of	a	“person	equivalent”	(defined	as	2,000	hours	of	work	per	year),	while	low–sale	farms	use	about	1-person	equivalent,	and	very	large	farms	use	39-person	equivalents	[54].		The	average	age	of	farmers	has	increased	since	the	1990s.		In	the	late	1990s,	the	average	age	of	principal	operators’	was	55	years;	in	2011	the	average	age	was	58	years	[54].		Principal	operators	were	3	to	5	years	younger	on	farms	with	a	GCFI	of	at	least	$150,000	[54].	As	illustrated	in	Figure	3.	11	below,	farm	profitability,	as	measured	by	rate	of	return	on	assets,	rate	of	return	on	equity,	and	operating	profit	margin,	increases	with	farm	size	[54].		Retirement,	off-farm	occupation,	and	low	sale	farming-occupation	farms	have	negative	rates	of	return	on	assets	and	equity	and	operating	profit	margins,	while	moderate-sale,	midsize,	large,	and	nonfamily	farms	have	positive	ratios.			
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	Figure	3.	11:	Farm	profitability	measures	from	2014.		Farm	profitability	increases	with	farm	size.		Data	source:	USDA	ARMS	Survey	[53].		 Net	farm	income	was	at	a	high	in	2013,	as	was	net	cash	income	in	2012,	and	have	since	been	declining	[56].	Figure	3.	12	shows	the	forecasted	change	in	mean	net	farm	income	between	2014	and	2015.		Mean	net	farm	income	was	projected	to	decline	across	the	U.S.,	with	the	greatest	decreases	in	the	Northern	Crescent,	Heartland,	and	Prairie	Gateway	regions	of	the	country.		Another	2.5	percent	decrease	in	net	cash	farm	income	and	3	
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percent	drop	in	net	farm	income	are	projected	for	2016	[56].		However,	cash	receipts	for	sorghum	are	forecasted	to	increase	by	1	percent	or	more	[56].	The	overall	cost	of	agricultural	production	is	expected	to	drop	in	2016,	though	labor	costs	are	projected	to	rise	by	$1.5	billion	[56].	The	financial	changes	to	the	farm	sector	will	negatively	affect	farm	solvency	measures	in	2016,	but	the	debt-to-equity	and	debt-to-asset	ratios	have	been	generally	declining	since	the	late	1980s	and	are	currently	quite	low.		Figure	3.	13	shows	the	solvency	ratio	in	the	farm	sector	for	the	years	1970	to	2015.				
	Figure	3.	12:	Percent	change	in	mean	net	farm	income	(cash),	comparing	2015F		and	2014.		Graph	source:	USDA,	Economic	Research	Service,	Farm	Income	and	Wealth	Statistics.	Note:	F	=	forecast.	 	
	Figure	3.	13:	Solvency	ratio	in	farm	sector,	years	1970-2015F.	Graph	source:	USDA,	Economic	Research	Service,	Farm	Income	and	Wealth	Statistics.	Note:	F	=	forecast.	
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3.7 Market	Disruption		TERRA-MEPP	will	generate	new	market	disruption	by	making	rapid	phenotyping	accessible	to	consumers	who	were	previously	not	part	of	the	market.		Increasing	the	consumer	base	for	rapid	phenotyping	will	increase	the	rate	of	improvement	to	crop	yield	and	traits.		This	increased	optimization	will,	in	turn,	reduce	the	amount	of	water	or	land	required	to	produce	the	same	yield.		3.7.1 New	Market	Disruption		TERRA-MEPP	will	create	what	is	known	in	Christensen’s	theory	of	disruptive	innovation	as	a	“new-market	foothold”,	by	creating	new	consumers	[57].		Current	rapid	phenotyping	models	such	as	BoniRob	and	the	LemnaTec	Scanalyzer	are	so	costly	that	only	the	largest	breeders	can	afford	them.		TERRA	MEPP’s	low	price	will	be	affordable	to	typical	farmers	and	breeders	who	cannot	afford	costlier	phenotyping	models.		The	TERRA-MEPP	rover	is	also	easily	transportable,	making	it	more	flexible	than	other	platforms	in	the	field	and	easier	to	ship	long	distances,	which	will	also	allow	broader	use	of	rapid	phenotyping	technology.				3.7.2 Increased	Optimization	and	Reduced	Input	Costs		More	drought	tolerant	varieties	of	sorghum	will	require	less	water,	which	will	represent	a	significant	input	savings,	especially	in	regions	with	limited	water	resources.	Figure	3.	14	shows	the	percentage	of	water	withdrawals	used	for	agriculture	by	each	country.		Agriculture	is	particularly	water	intensive	in	Southern	Asian	countries	including	India,	Pakistan,	Nepal,	and	Iran,	Central	Asian	countries	such	as	Turkmenistan,	Tajikistan,	and	Kyrgyzstan,	South-East	Asian	countries	like	Cambodia,	Vietnam,	and	Laos,	Yemen	in	West	Asia,	East	African	countries	including	Somalia,	Ethiopia,	Sudan,	South	Sudan,	and	Madagascar,	Mauritania	in	Western	Africa,	and	the	South	American	countries	of	Guyana	and	Suriname.	
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	Figure	3.	14:	Percentage	of	water	withdrawals	used	for	agricultural	by	country,	2000-2010	average.		Map	source:	FAOSTAT.	Higher	yield	sorghum	varieties	will	produce	the	same	quantities	on	less	land,	leaving	more	land	available	to	grow	other	crops.		This	will	be	especially	helpful	in	countries	where	large	portions	of	the	total	land	area	are	already	used	for	agriculture.		Figure	3.	15	shows	the	density	of	agricultural	land,	by	country.		Agricultural	density	is	especially	high	in	the	East	Asian	countries	of	China	and	Mongolia,	Central	Asian	countries	including	Kazakhstan,	Uzbekistan,	and	Turkmenistan,	Southern	Asian	countries	like	Afghanistan,	India,	and	Bangladesh,	the	West	Asian	countries	of	Saudi	Arabia	and	Syria,	Eastern	European	countries	such	as	Ukraine,	and	Romania,	the	United	Kingdom	in	Northern	Europe,	Morocco,	Tunisia,	and	Sudan	in	Northern	Africa,	Eastern	African	countries	including	South	Sudan,	Somalia,	Uganda,	Madagascar,	and		Mozambique,	Nigeria	and	other	Western	African	countries,	and	South	Africa.			
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	Figure	3.	15:	Agricultural	land	as	a	percentage	of	total	land	by	country,	2010-2011.		Map	source:	FAOSTAT.	Sorghum	production	covers	about	40	million	hectares	across	the	globe	[58].		About	one	quarter	of	the	global	production	of	sorghum	takes	place	in	West	Africa,	where	production	has	been	increasing	over	the	last	25	years;	most	of	this	increase	since	1995	can	be	attributed	to	increased	yields	[58].		The	biggest	producers	of	sorghum	are	the	United	States,	India,	Mexico,	Nigeria,	Sudan,	and	Ethiopia	[58].		In	Asia	and	Africa,	sorghum	is	used	primarily	as	food	(55%	of	global	production),	while	the	Americas	use	it	primarily	as	feed	(33%	of	global	production)	[58].	In	many	countries,	there	is	a	gap	between	the	potential	and	actual	yield.		Figure	3.	16	shows	the	relative	yield	gap	in	rainfed	sorghum	and	maize	for	countries	that	participate	in	the	Global	Yield	Gap	Atlas	[59],	where	the	relative	yield	gap	is	equal	to:			 1 − #$%&'(%	'*+,'-	./%-01'+%& − -/2/+%0	./%-0	34+%5+/'- ×100%	 Equation	1	
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	(a)	
	 	(b)	Figure	3.	16:	The	relative	yield	gap	in	(a)	rainfed	sorghum	and	(b)	rainfed	maize.		Map	source:	Global	Yield	Gap	Atlas	[59].		3.8 Regions	of	Interest			The	regions	outside	of	the	U.S.	of	particular	interest	for	improving	sorghum	yield	are	significant	sorghum	crop	or	sorghum	seed	producing	(Sudan,	Nigeria,	India,	Niger,	Ethiopia)	or	sorghum	importing	regions	(China)	[60][4].		Many	of	these	regions	have	rapidly	growing	populations	(Nigeria,	Ethiopia,	India),	high	agricultural	density	(China,	India,	Sudan,	South	Sudan,	Nigeria),	use	a	high	percentage	of	total	water	withdrawals	for	agriculture	(India,	Ethiopia,	Sudan,	South	Sudan),	and	have	a	high	relative	yield	gap	for	rainfed	sorghum	(Niger,	Nigeria,	India,	and	Ethiopia)	[1][60][59].	
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Regions	with	large	population	growth	may	be	especially	interested	in	utilizing	rapid	phenotyping	to	quickly	increase	crop	yields.		Populations	are	growing	rapidly	in	India	and	in	many	countries	in	Africa.		Africa	is	the	most	rapidly	growing	region	of	the	word,	with	over	50	percent	of	the	predicted	global	population	growth	from	2015	to	2050	occurring	in	the	region	[1].		Nigeria,	now	the	seventh	largest	population,	is	expected	to	become	larger	than	the	United	States’	population	around	year	2050,	becoming	the	third	largest	population	[1].		Ethiopia	and	India	are	also	among	the	nations	expected	to	contribute	the	most	to	population	growth	over	the	next	34	years	[1].		India’s	population	is	predicted	to	pass	China	in	size	by	2022	[1].	According	the	2008	World	Development	Report,	the	agricultural	sector	is	the	most	effective	of	all	economic	sectors	at	reducing	poverty	through	gross	domestic	product	(GDP)	growth	[61].		Agriculture	provides	jobs	and	income,	and	creates	sustainable	value	chains	[61].		Thus,	as	the	world’s	population	continues	to	grow,	agricultural	productivity	will	be	increasingly	important	to	not	only	feeding	the	world’s	population,	but	to	reducing	poverty	and	supporting	healthy	economies.			
	Figure	3.	17:	Regional	sorghum	production,	2010-2014.		Africa	and	the	Americas	hold	the	largest	shares	of	sorghum	production.		Chart	source:	FAOSTAT	[60].	
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	Africa	is	the	top	sorghum	producing	region	of	the	world,	with	39.8	percent	of	sorghum	production	from	2010	to	2014,	illustrated	in	Figure	3.	17.		Sudan	and	Nigeria	are	among	the	top	five	sorghum	producers	in	the	world,	shown	in	Figure	3.	18,	and	Nigeria,	Niger,	former	Sudan	(includes	data	from	Sudan	and	South	Sudan),	and	Ethiopia	are	four	of	the	five	top	sorghum	seed	producers,	shown	in	Figure	3.	19(b).		India	was	the	fifth	largest	sorghum	producer	between	2010	and	2014,	Figure	3.	18,	and	the	largest	producer	of	sorghum	seeds,	Figure	3.	19(b)	[60].		As	large	players	in	the	sorghum	industry,	the	aforementioned	countries	may	be	highly	interested	in	rapid	phenotyping	technology	to	further	improve	their	crop	yields.	Figure	3.	19	highlights	the	fact	that	the	largest	sorghum	producers	do	not	have	the	highest	yielding	sorghum.		Thus,	major	sorghum	producing	countries	have	considerable	potential	yield	gains	to	realize.				
	Figure	3.	18:	The	United	State,	Mexico,	Sudan,	Nigeria,	and	India	were	the	largest	producers	of	sorghum	between	2010	and	2014.		Chart	source:	FASOSTAT	[60].		
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	a) b)	Figure	3.	19:	a)	The	United	Arab	Emirates,	Jordan	Oman,	Uzbekistan,	and	Algeria	had	the	highest	yields	of	sorghum	from	2010-2014.		b)	The	five	largest	sorghum	seed	producing	countries	from	2010	to	2014	were	India,	Nigeria,	Niger,	former	Sudan,	and	Ethiopia.		Chart	source:	FAOSTAT	[60].		Meanwhile,	China	is	projected	to	be	the	world’s	largest	importer	of	sorghum	through	2024,	as	illustrated	in	Figure	3.	20,	while	the	U.S.	is	predicted	to	be	the	largest	exporter	[4].		This	will	likely	result	in	continued	high	export	volumes	from	the	U.S.	to	China	through	2024.		 	
	Figure	3.	20:	Sorghum	imports,	1990-2024.	China	is	projected	to	be	the	largest	importer	of	sorghum	through	2024.		Chart	source:	USDA,	Economic	Research	Service,	Agricultural	Projections	to	2024	[4].	
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3.8.1 Nigeria,	Niger,	Sudan,	South	Sudan,	and	Ethiopia		More	sorghum	production	occurs	in	Africa	than	on	any	other	continent	[60].		African	countries	which	may	have	a	particular	interest	in	sorghum	yield	improvement	include	Nigeria,	Niger,	Sudan,	South	Sudan,	and	Ethiopia.		Nigeria	and	Ethiopia	are	among	the	most	rapidly	growing	nations	in	the	world	[1].		Sudan	and	Nigeria	were	the	third	and	fourth	largest	producers	of	sorghum	between	2010	and	2014,	and	Nigeria,	Niger,	former	Sudan,	and	Ethiopia	were	four	of	the	top	five	sorghum	seed	producing	countries	between	2010	and	2014	[60].		Furthermore,	Niger	and	Nigeria	have	relative	yield	gaps	for	rainfed	sorghum	of	80	percent	or	higher,	and	Ethiopia	has	a	relative	yield	gap	between	70	and	80	percent	[59].	Although	cereals	are	the	primary	staple	in	Africa	and	arable	land	and	cheap	labor	are	readily	available,	African	production	of	cereals	like	sorghum,	maize,	and	rice	cannot	meet	demand	due	to	difficult	environmental	factors	and	ineffective	crop	and	field	management	[62].		For	instance,	limited	rainfall	is	the	most	significant	constraint	to	sorghum	yield	in	South	Africa;	Wenzel	suggests	developing	drought	resistant	sorghum	cultivars	in	order	to	achieve	higher	and	more	stable	yields	[63].		74%	of	the	variation	in	yields	observed	in	Wenzel’s	study	was	contributed	to	cumulated	rainfall	[63].		Identifying	more	drought	tolerant	genotypes	through	rapid	phenotyping	would	greatly	aid	in	the	improvement	of	cereal	crops	like	sorghum	in	Africa.		Sorghum	is	one	of	only	five	cereals	that	grows	well	in	Africa	[62].		As	such,	improving	sorghum	yields	would	have	a	significant	impact	on	staple	food	production	in	Africa.		In	the	1960s,	the	Green	Revolution	drastically	increased	agriculture	productivity	in	Asia	and	Latin	America;	in	1960	undernourishment	was	at	41	percent	in	Asia,	in	2000	it	had	dropped	to	16	percent	[64].		Meanwhile,	the	Green	Revolution	and	now	the	‘gene	revolution’	have	skipped	over	Africa	[65].		While	agriculture	has	been	revolutionized	in	other	parts	of	the	world,	grain	yields	in	Africa	have	stagnated	since	the	1960s	[65].		There	is	a	great	need	for	new	agricultural	science	and	technology	in	Africa	[65].		Sub-Saharan	Africa	is	the	least	food-secure	area	of	the	world,	and	faces	serious	challenges	like	frequent	droughts	and	crop	failures	[65].		Agriculture	provides	for	the	livelihoods	of	two-thirds	of	
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the	population	of	sub-Saharan	Africa;	improving	agricultural	growth	will	reduce	hunger	and	poverty	in	the	region.		Key	to	this	growth	is	the	availability	of	improved	varieties	of	crop	staples	to	smallholder	farmers	[65].			Private	companies	are	wary	of	investing	in	research	for	improved	crop	varieties	for	impoverished	countries,	making	public	investment	in	research	crucial	to	improving	agricultural	growth	in	Africa	[65].		The	South	African	Development	Community	(SADC)	and	the	International	Crops	Research	Institute	for	the	Semi-Arid	Tropics	(ICRISAT)	initiated	the	Sorghum	and	Millet	Improvement	Program	(SMIP)	in	1983	[65].		The	Alliance	for	Green	Revolution	in	Africa	(AGRA)	wishes	to	decrease	food	insecurity	by	half	in	at	least	20	countries	in	Africa,	and	double	20	million	smallholder	farmers’	family	income	[64].		3.8.2 India		India	is	considered	a	significant	country	for	sorghum	yield	improvement	due	to	its	population	growth,	high	sorghum	production,	and	agricultural	practices.		The	country’s	population	is	expected	grow	significantly	in	the	next	34	years,	passing	China	by	2022	[1].		In	the	years	2010	to	2014,	India	had	the	highest	average	sorghum	seed	production.		The	country	also	has	high	agricultural	density	and	uses	a	large	percentage	of	its	total	water	withdrawals	for	agriculture,	making	it	a	good	candidate	for	improved	sorghum	genotypes	that	will	need	fewer	water	and	land	inputs	to	produce	good	yields.	Sorghum	may	be	of	interest	to	India	as	an	energy	source	as	well	as	a	food	source.		India	has	a	need	for	renewable	fuel	sources,	since	the	country	has	little	domestic	oil	production	and	relies	primarily	on	imports	[66].		Between	the	years	2001	and	2006,	vehicles	on	the	road	in	India	increased	in	number	by	10%	per	year	[66].		Sweet	sorghum	is	a	“smart”	crop	because	it	can	be	used	simultaneously	for	fuel,	food,	and	fodder;	the	juice	forms	biofuel,	the	grain	becomes	food,	and	the	residual	fiber	can	be	used	for	fodder	[66].		A	pilot	program	in	the	state	of	Andhra	Pradesh,	India	is	promoting	a	“sustainable	sweet	sorghum-ethanol	value	chain”	with	the	goal	of	increasing	opportunities	for	employment,	generating	income	for	farmers	and	stakeholders,	and	providing	a	sustainable	energy	source	[66].		During	the	program,	the	coordinators	moved	the	stalk	crushing	process	from	a	centralized	distillery	to	
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decentralized	crushing	units	within	villages	to	allow	timely	crushing	of	the	stalks	for	maximum	juice	yield;	this	increased	profit	for	farmers	by	increasing	juice	yield	and	reducing	transportation	costs	[66].		Other	efforts	to	increase	profits	included	improvement	to	genotypes	to	increase	the	sugar	content	of	the	sorghum	[66].		This	sweet	sorghum	program	encourages	micro-entrepreneurship	within	villages	[66].		However,	the	sale	price	of	sorghum	syrup	is	limited	by	the	Indian	government’s	regulation	of	the	price	of	ethanol	used	in	a	gasoline	blend	[66].	ICRISAT	has	developed	a	system	of	village	seed	banks	in	villages	in	India.		The	village	seed	banks	make	it	possible	for	farmers	to	access	high	quality	seeds	[67].		ICRISAT	also	has	sorghum	programs	in	Africa,	and	may	be	interested	in	TERRA-MEPP’s	technology.		3.8.3 Brazil	Brazil	is	a	major	producer	of	sorghum.		Brazil	was	the	eighth	largest	sorghum	producing	country	in	2013,	as	illustrated	in	Figure	3.	21,	producing	2,126,179	metric	tons	at	a	value	of	4,799	thousand	international	dollars	[60].		Brazil’s	annual	sorghum	production	has	increased	by	about	two	million	metric	tons	in	the	last	twenty	years,	from	276,832	metric	tons	in	1995	to	2,279,114	metric	tons	in	2014,	as	Figure	3.	22	shows	[60].		Sorghum	yield	in	Brazil	has	increased	from	1.8	Mg	ha-1	in	1995	to	2.7	Mg	ha-1	in	2014,	illustrated	in	Figure	3.	23	[60].				
	Figure	3.	21:	Top	10	sorghum	producing	countries,	2013.		Brazil	is	the	eighth	largest	sorghum	producer.		Chart	source:	FAOSTAT	[60].	
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	Figure	3.	22:	Brazilian	sorghum	production	increased	by	approximately	2	million	tons	from	1995	to	2014.		Chart	source:	FAOSTAT	[60].		
	Figure	3.	23:	Brazilian	sorghum	yield	in	Hg	Ha-1,	1995	to	2014.		Sorghum	yields	have	increased	by	nearly	1	Mg	ha-1	in	the	last	twenty	years.		Chart	source:	FAOSTAT	[60].		Brazil	is	also	connected	to	sorghum	breeder	NexSteppe,	who	produces	biomass	sorghum		for	energy	and	sold	over	1,000	hectares	of	sorghum	in	Brazil	in	the	2013-2014	growing	season	[68].		NexSteppe	claims	to	have	a	65	percent	market	share	in	Brazil’s	rapidly	expanding	bioenergy	sorghum	market	[68].		Energy	demand	in	Brazil	is	growing	5	percent	per	year,	and	in	years	of	drought,	the	hydropower	that	is	the	country’s	main	power	source	is	insufficient,	making	sorghum	an	attractive	heat	and	drought	tolerant	energy	source	[68]		
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3.8.4 China		China’s	demand	for	sorghum	is	influenced	by	several	factors.		The	country’s	biofuel	and	livestock	industries	both	create	demand	for	sorghum.		A	series	of	shifts	within	China,	including	an	aging	population,	a	shift	from	producer	to	consumer,	and	a	government	push	to	urbanize	all	increase	China’s	demand	for	imports,	including	sorghum.		The	U.S.	is	the	top	exporter	of	sorghum,	while	China	is	the	largest	importer,	creating	a	strong	trade	relationship.	China	is	a	large	biofuel	producing	country	and	is	driving	up	its	production,	but	government	restrictions	on	the	production	of	biofuel	from	grains	and	limited	feedstock	substitutes	may	limit	the	government’s	ability	to	continue	growing	biofuel	production	[69].			China’s	Five	Year	Plan	for	2011	to	2015	included	the	goal	of	four	million	tons	of	fuel	ethanol	production,	but	did	not	meet	the	2015	production	goal	in	2015,	nor	are	they	projected	to	meet	the	goal	in	2016	[69].		The	production	of	fuel	ethanol	in	2016	is	projected	to	be	3.15	billion	liters,	2.6	percent	more	than	2015	due	to	blend	mandates	in	some	provinces,	resulting	in	a	projected	90	million	liters	in	ethanol	imports	[69].		No	growth	is	expected	in	biodiesel	production	for	2016	[69].		China	started	reducing	policy	encouragement	of	ethanol	from	grains	when	the	price	of	grain	within	the	country	and	grain	imports	went	up	in	2010	[69].		Ethanol	imports	grew	significantly	between	2014	and	2015	[69].	The	government’s	stringent	regulation	of	fuel	ethanol	sales	makes	future	growth	uncertain	[69].		There	is	discussion	of	new	goals	to	raise	the	production	of	biofuel	and	biomass	for	China’s	13th	Five	Year	Plan	for	the	years	2016	to	2020	[69].		China’s	goal	is	to	generate	300	million	tons	of	ethanol	from	non-grain	and	cellulosic	sources	by	2020,	but	the	likelihood	of	reaching	this	goal	is	questioned	by	industry	experts,	since	it	is	difficult	to	channel	feedstock	from	small	farms	to	production	locations	in	China,	and	cellulosic	biofuel	has	not	been	commercially	viable	to	the	present	[69].		China	is	working	to	increase	ethanol	production	with	non-grain	based	crops,	and	opened	a	new	ethanol	plant	that	uses	sweet	sorghum	in	2012	[69].		Many	shifts	in	China	are	changing	the	country’s	agricultural	needs,	including	an	aging	population,	a	shift	from	producer	to	consumer,	and	urbanization	[70].		China	also	has	one	
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fifth	of	the	global	population,	but	less	than	one	tenth	the	globe’s	water	resources	and	arable	land	[70].		Sorghum	is	also	in	high	demand	as	a	feed	grain	in	China	[70].	China	is	a	major	sorghum	trade	partner	for	the	United	States.		The	U.S.	has	been	the	largest	producer	of	sorghum	in	recent	years	[60],	and	exports	from	the	U.S.	to	China	have	been	steadily	growing	over	the	last	few	years	[70].				3.9 Ten	Year	Projections		A	value	model	was	built	to	calculate	the	increases	to	yield	and	the	resulting	monetary	value	that	TERRA-MEPP	could	provide	for	both	the	target	crop,	sorghum,	and	a	comparison	crop,	corn.		The	baseline	data	used	in	the	model	were	the	U.S.	Department	of	Agriculture	Economic	Research	Service’s	sorghum	and	corn	production	projections	made	in	2016	for	the	growing	seasons	2016/2017	through	2025/2026,	including	farm	price,	yield,	net	profit	(gross	profit	less	variable	costs),	and	harvested	acres	[22].		Given	a	value	for	the	percent	additional	yield	improvement	TERRA-MEPP	can	contribute	by	maximizing	the	improvement	to	plant	parameters,	the	model	calculates	the	value	of	the	additional	yield.		The	model	assumes	the	breeder	using	TERRA-MEPP	has	produced	a	new	seed	variety	that	adds	an	additional	yield	improvement.		A	later	version	of	the	model	will	consider	the	gradual	increase	of	the	yield	improvement	that	TERRA-MEPP	will	offer,	rather	than	a	fixed	rate.			Below	is	a	summary	of	the	notation	used	in	the	value	modeling	equations:	
• 39 = gross	profit	C/+ℎ4,+	TERRA–MEPP	( $NO) 
• 3QR9 = gross	profit	with	TERRA–MEPP ( $NO) 
• 3U = net	profit	C/+ℎ4,+	TERRA–MEPP ( $NO) 
• 3QRU = net	profit	with	TERRA–MEPP ( $NO) 
• $NO = monetary	value	of	TERRA–MEPP ( $NO) 
• $^ = total	monetary	value	of	TERRA–MEPP	over all area of new seed ($) 
• 3_ = price	received	( $R9) 
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• . = yield	(R9NO) 
• (QR = yield	gain	with	TERRA–MEPP	(%) 
• * = variable	costs 
• ' = total	area	of	sorghum	grown 
• & = standard	rate	of	adoption	for	new	seed	(%) 
 The	following	set	of	equations	was	used	to	model	the	economic	value	TERRA-MEPP	will	add	to	sorghum	production.		The	gross	profit	without	using	TERRA-MEPP,	39 ,	is	calculated	using	Equation	2:	 39 = 3_ 	×	y Equation	2 where	3_ 	is	the	price	received	in	dollars	per	megagram	and	y	is	the	yield	in	megagrams	per	hectare.		The	gross	profit	when	using	TERRA-MEPP, 3QR9 ,	is	calculated	with	Equation	3:		 3QR9 = 	39×	(QR Equation	3 where	39 	is	the	price	received	in	dollars	per	megagram	and	(QR 	is	the	percent	yield	gain	when	using	TERRA-MEPP.		Equation	4	calculates	the	net	profit,	3U ,	where	39 	is	the	gross	profit	without	TERRA-MEPP,	and	c	is	the	variable	input	cost.	3U = 39 − c Equation	4 Equation	5	calculates	the	net	profit	with	TERRA-MEPP,	3QRU ,	where	3QR9 	is	the	gross	profit	with	TERRA-MEPP,	and	c	is	the	variable	cost.	3QRU = 3QR9 − c Equation	5 Equation	6	finds	the	total	monetary	value	of	TERRA-MEPP	per	hectare,	$NO ,	where	3QRU 	is	the	net	profit	with	TERRA-MEPP,	and	3U 	is	the	net	profit	without	TERRA-MEPP.	
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$NO = 3QRU − 3U  Equation	6 Equation	7	calculates	the	total	value	in	dollars	of	TERRA-MEPP	over	all	area	of	the	new	seed,	where	a	is	the	total	area	of	sorghum	grown,	r	is	the	adoption	rate	of	the	new	seed	variety,	and	$NO	is	the	monetary	value	of	TERRA-MEPP.	$^ = a		×	r	×	$NO Equation	7	Figure	3.	24	below	illustrates	the	potential	monetary	value	of	TERRA-MEPP	over	ten	years,	assuming	a	6	percent	additional	yield	gain.		The	value	to	sorghum	is	estimated	at	about	$33	per	hectare,	and	the	value	to	corn	is	estimated	at	about	$90	to	$103	per	hectare.		
	Figure	3.	24:	The	projected	monetary	value	of	TERRA-MEPP	in	dollars	per	hectare	for	the	growing	seasons	2016/2017	through	2025/2026,	assuming	TERRA-MEPP	contributes	6	percent	additional	yield	gain	for	sorghum	and	corn.				The	model	assumes	the	new	seed	adoption	rate	follows	the	same	curve	as	the	hybrid	corn	adoption	rate,	shown	in	Figure	3.	25	below.		Early	in	the	twentieth	century,	hybrid	corn	offered	growers	significantly	higher	yields	than	open-pollinated	corn,	and	was	therefore	adopted	very	quickly.		Hybrid	corn	was	planted	on	1	percent	of	all	corn	acreage	
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in	1933	and	was	adopted	rapidly,	covering	more	than	95	percent	of	all	corn	acreage	by	1960	[71].		According	to	Dr.	Patrick	Brown	from	the	Department	of	Crop	Sciences	at	the	University	of	Illinois,	if	seeds	developed	using	TERRA-MEPP	are	able	to	offer	a	substantial	yield	gain,	it	is	reasonable	to	assume	that	the	adoption	rate	of	the	seeds	will	be	similar	to	that	of	hybrid	corn.				
	Figure	3.	25:	The	rate	of	adoption	for	hybrid	corn.	Chart	source:	[71].		3.10 Return	on	Investment		Using	the	monetary	value	of	TERRA-MEPP	over	all	hectares	of	new	seed	projected	by	the	value	model	described	above,	the	return	on	investment	for	TERRA-MEPP	is	calculated	for	sorghum	and	corn	over	the	growing	seasons	from	2016/2017	to	2025/2026.		The	return	on	investment	is	calculated	using	Equation	8:		 /5$%d+2%5+	('/5 − '55,'-	*4d+	4e	/5$%d+2%5+'55,'-	*4d+	4e	/5$%d+2%5+ 	 Equation	8	The	investment	gain	is	the	monetary	value	of	TERRA-MEPP	to	the	seed	company,	assuming	they	receive	one	third	of	the	additional	monetary	value	from	TERRA-MEP.		The	annual	cost	of	investment	is	annual	cost	of	ownership	of	a	TERRA-MEPP	unit,	multiplied	by	the	number	
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of	units	needed	by	the	breeder.		Each	TERRA-MEPP	unit	is	capable	of	covering	0.3	hectares	per	hour,	or	3.6	hectares	per	12-hour	day.		The	model	assumes	that	the	average	phenotyping	area	per	breeder	is	12.14	hectares,	resulting	in	an	estimated	4	TERRA-MEPP	rovers	per	breeder.		The	annual	operating	cost	of	TERRA-MEPP	is	estimated	at	just	over	$13	thousand.		This	assumes	a	$20	thousand	purchase	price	and	includes	all	costs	of	operation	and	maintenance	over	10	years.		Figure	3.	26	illustrates	the	value	to	the	seed	company,	and	Figure	3.	27	shows	the	rate	of	return	on	investment,	assuming	that	TERRA-MEPP	contributes	a	6	percent	increase	to	yield,	and	that	the	seed	company	receives	one	third	of	the	additional	monetary	value.		Based	on	the	projected	values	from	the	value	model,	the	total	cost	of	operating	4	robots	for	10	years	can	be	paid	back	in	just	two	years.		
	Figure	3.	26:	Monetary	value	of	TERRA-MEPP	to	seed	company,	over	all	hectares	of	new	seed,	assuming	a	6	percent	yield	gain	and	one	third	of	additional	profit	goes	to	breeder.	
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	Figure	3.	27:	Rate	of	return	on	investment	to	breeder	for	sorghum.		 	
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CHAPTER	4	RESULTS:	BUSINESS	MODEL			The	following	business	model	summarizes	the	value	of	the	TERRA-MEPP	project,	as	well	as	the	key	partners,	activities,	and	resources.		It	also	includes	the	customer	segments	and	relationships,	communication	channels,	cost	structure,	and	revenue	streams	expected	from	TERRA-MEPP.		4.1 Market	Size		The	total	addressable	market	for	TERRA-MEPP	would	be	all	breeders	and	farmers.		The	minimum	viable	TERRA-MEPP	will	perform	sorghum	phenotyping.		This	narrows	the	served	available	market	to	sorghum	breeders.		The	target	market	will	be	large	corporations	with	the	capital	to	make	early	investments	in	new	technology,	and	small-scale	sorghum	breeders	who	need	more	affordable,	flexible	phenotyping	technology.		Some	customers	may	also	switch	from	competing	rapid	phenotyping	technology	such	as	LemnaTec	or	BoniRob,	but	there	are	large	sunk	costs	for	these	other	platforms;	some	of	the	platforms	require	infrastructure	investment,	and	the	platforms	themselves	are	quite	expensive.			Eventually,	TERRA-MEPP’s	features	can	be	expanded	to	perform	phenotyping	on	other	crops,	which	would	open	the	served	available	market	to	include	breeders	of	other	crops	as	well.		Modifying	TERRA-MEPP	for	use	as	a	crop	scout	would	further	open	the	served	available	market	to	farmers.		
	 	65	
4.2 Value	Proposition		Product	vision		Currently	phenotyping	is	slow,	manual	work	that	can	only	collect	a	fraction	of	the	total	potential	phenotypic	data,	otherwise	phenotyping	is	performed	automatically,	with	prohibitively	expensive	technology.		We	are	developing	a	robotic	platform	that	can	perform	rapid	phenotyping	along	crop	rows	at	a	fraction	of	the	current	cost.		TERRA-MEPP	will	gather	physiological	(phenotypic)	data	throughout	the	growing	season.		Modeling	will	use	phenotypic	data	to	quickly	identify	high	yielding	sorghum	genes.		Many	small-scale	breeders	will	start	using	rapid-phenotyping	technology,	allowing	them	to	collect	significantly	more	phenotypic	data.		Higher	yielding	sorghum	will	provide	a	sustainable,	renewable	fuel	source.		Increasing	yields	minimizes	the	amount	of	land	needed	to	crop	renewable	energy	crops,	and	drought	tolerant	sorghum	can	grow	on	marginal	land,	reserving	arable	land	for	food	production	for	the	world’s	growing	population.		Product	features		TERRA-MEPP’s	features	will	include	a	land	rover	guided	by	GPS,	with	large	tracks	that	will	allow	it	to	easily	maneuver	crop	fields	in	any	weather	conditions	without	compacting	soil.		The	rover	has	a	telescoping	rod	that	can	extend	to	20	feet	in	height	and	carries	a	variety	of	sensors	including	hyperspectral,	thermal	and	HD	cameras,	360-degree	visible	light	camera,	stereo	and	LiDAR	cameras	to	assist	with	navigation	and	gauge	distance,	and	weather	sensors.		Cameras	will	measure	parameters	including	height,	greenness,	stem	diameter,	leaf	area	index,	biomass	growth	rate,	biomass	quality,	and	photosynthesis,	while	environmental	sensors	will	measure	temperature,	humidity,	carbon	dioxide	levels,	soil	moisture,	light	penetration,	transpiration,	and	water	use	efficiency.		The	weather	sensor	payload	is	modularly	built,	making	it	easily	interchangeable	with	other	instrumentation.	The	battery-operated,	small	platform	offers	better	mobility	than	larger	systems.		The	rover	includes	onboard	data	storage	and	data	transmission.		The	rover	captures	physiological	
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(phenotypic)	data	throughout	the	growing	season,	over	100	million	measurements	during	the	course	of	a	season.		The	modularly	built	platform	is	simple	to	transport,	setup,	store,	and	customize.		Product	benefits		TERRA-MEPP	offers	a	series	of	benefits	over	existing	approaches,	the	most	significant	one	being	its	affordability:	the	platform	costs	less	than	$20	thousand	and	as	little	as	$5	thousand	for	an	entry-level	unit.		Traveling	along	crop	rows	allows	TERRA-MEPP	to	capture	images	under	the	canopy.		More	mobile	than	large	gantry	systems,	TERRA-MEPP	can	be	carried	from	field	to	field	in	its	carrying	case.		The	platform	makes	near	real-time	predictions	using	measurements	of	physical	plant	traits	and	connecting	state-of-the-art	technologies	from	multiple	disciplines.		TERRA-MEPP	reaches	process	efficiency	optimization	by	a	combination	of	remote	sensing,	robotics,	physiology	and	genetic	analysis.		TERRA-MEPP	identifies	high	yield	energy	sorghum	genes	to	assist	in	the	development	of	second-generation	energy	crops,	and	gives	the	United	States	a	competitive	edge	in	field	infrastructure	systems	through	minimization	of	necessary	infrastructure	and	costs.		The	platform	detects	high	yield	potential	germplasm	early	in	the	growing	season.		Conventional	phenotyping	faces	limitations	including	the	high	cost	of	human	labor,	the	limited	time	of	the	growing	season	to	collect	phenotypic	data,	and	limitations	in	processing	data	into	useful	knowledge	for	making	predictions	of	crop	performance.		TERRA-MEPP	is	not	bound	by	these	limitations.		Minimum	viable	product		The	minimum	viable	product	will	be	a	commercially	viable	platform	that	performs	sorghum	phenotyping	to	increase	the	rate	of	crop	improvement	and	increase	bioenergy	yields.		This	will	get	TERRA-MEPP	in	the	hands	of	customers	as	quickly	as	possible.		Future	modifications	to	TERRA-MEPP	may	include	adapting	the	platform	to	other	crops,	or	even	adapting	it	as	a	crop	scout	for	farmers.		
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4.3 Customer	Segments		Customer	segments	include	large	corporations,	large-scale	breeders,	average	size	breeders,	and,	in	the	future,	large	to	very	large	family	farms.		Large	corporations	are	expected	to	be	“innovators”,	or	the	earliest	adopters,	of	the	TERRA-MEPP	technology.		These	major	corporations	have	sufficient	resources	to	invest	in	new	technology	in	order	to	add	value	to	their	company.		Average	size	breeders	and	large	to	very	large	family	farms	may	prove	to	be	the	majority	of	the	customer	base.		However,	these	smaller	businesses	are	more	risk-averse	and	will	wait	to	invest	in	technology	until	it	is	proven	and	the	technology	“takes	off”.		Targeting	smaller	breeding	companies	and	farmers	may	offer	a	wider	market.		The	platform	will	require	some	modifications	before	it	will	be	usable	for	farmers	as	a	crop	scout.		TERRA-MEPP	could	be	marketed	to	these	customer	segments	either	as	a	whole	package,	or	as	some	combination	or	distinct	element	of	the	multiple	TERRA-MEPP	products	in	development	(the	rover,	database	expertise,	and	new	germplasm).	TERRA-MEPP	will	provide	a	welcome	solution	to	customers’	problems.		Large-scale	breeders,	including	the	“Big	Six”	agricultural	companies	(BASF,	Bayer,	Dupont,	Dow,	Monsanto,	and	Syngenta)	are	aware	that	they	need	a	means	of	quickly	identifying	high-yield	crops	and	they	have	visions	of	how	to	solve	the	problem.		For	instance,	Monsanto	and	BASF	partnered	in	2007	to	develop	high-yield,	stress-tolerant	corn,	cotton,	soybeans,	and	canola,	potentially	investing	$1.5	billion	during	the	collaboration	[72].		The	endeavor	included	the	use	of	rapid	phenotyping	in	Ghent,	Belgium	at	CropDesign,	a	BASF	Plant	Science	company	with	a	proprietary	laboratory-based	high	throughput	phenotyping	system	[73].		Though	the	major	agricultural	corporations	have	begun	working	the	problem	of	rapid	phenotyping	and	have	developed	some	solutions	on	their	own,	they	would	likely	be	willing	to	pay	for	new	technology	that	is	field-based,	flexible,	low	cost,	and	does	not	require	a	major	infrastructure	investment.	Small-scale	breeders	are	likely	to	recognize	their	need	for	high-throughput	phenotyping,	but	are	less	likely	to	have	actively	tried	to	solve	the	problem	themselves.		TERRA-MEPP	would	be	a	welcome	low	cost	solution	to	their	problem.	
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Within	breeding	companies,	customers	will	include	the	end	users,	influencers,	recommenders,	economic	buyers,	and	decision	makers,	as	described	by	Blank	and	Dorf	[74].		The	end	users	will	be	the	field	operators	actively	using	TERRA-MEPP	in	the	field	on	a	daily	basis.		It	is	important	that	TERRA-MEPP’s	features	meet	their	needs,	but	the	end	users	will	have	little	to	no	influence	in	the	decision	to	purchase	TERRA-MEPP.		Influencers	for	breeding	companies	may	include	agronomists	and	related	agricultural	organizations	such	as	the	Sorghum	Checkoff.		Recommenders	are	even	more	significant	than	influencers	because	their	opinion	can	directly	affect	whether	a	sale	will	be	made.		Recommenders	could	be	within	the	company–	in-house	agronomists	and	breeding	experts,	or	be	other	highly	regarded	experts	in	agriculture.		The	economic	buyers	and	decision	makers	are	higher	up	in	the	company–	executives	such	as	the	director	of	research	and	development,	the	company’s	board,	the	vice	president,	the	chief	financial	officer,	or	the	chief	technology	officer.		4.4 Channels		The	best	physical	channel	for	delivering	TERRA-MEPP	to	customers	will	be	either	direct	sales	or	through	systems	integrators.		Direct	sales	would	require	a	dedicated	sales	team	within	the	company	producing	TERRA-MEPP.		The	benefit	is	a	sales	team	dedicated	to	TERRA-MEPP,	with	no	distributor	taking	a	percentage	of	the	profit.		The	drawback	is	that	hiring	and	managing	direct	sales	employees	can	add	significant	cost.		TERRA-MEPP’s	profit	margin	must	be	large	enough	to	support	the	cost	of	direct	sales.		Systems	integrators,	or	value-added	resellers,	are	described	by	Blank	and	Dorf	as	those	who	add	value	to	products,	and	primarily	work	in	technology	and	business-to-business	sales	[74].		The	benefit	of	this	method	is	rapid	national	distribution,	and	the	systems	integrator	provides	product	integration	for	the	customer	[74].		This	could	be	very	helpful	in	selling	TERRA-MEPP.		Customers	could	be	more	willing	to	adopt	the	new	technology	if	they	believe	they	will	receive	support	integrating	the	platform	with	their	business.		The	drawback	of	using	systems	integrators	is	that	they	are	not	part	of	the	TERRA-MEPP	company,	meaning	they	
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are	more	aligned	with	the	customer	than	TERRA-MEPP’s	company,	and	they	can	require	a	great	deal	of	training	and	other	support.	Web-marketing	will	complement	the	physical	sales	channel.		Sales	are	expected	to	be	worldwide.		As	such,	online	communication	and	customer	support	will	be	an	important	aspect	of	the	business.			4.5 Market	Type:	Market	Re-segmentation		TERRA-MEPP	will	re-segment	the	existing	high-throughput	phenotyping	market	by	selling	a	product	that	both	fills	a	niche	(small,	mobile	platform	that	does	not	require	additional	infrastructure)	and	offers	services	at	a	lower	cost	(as	little	as	$5	thousand,	compared	to	$1	million	for	LemnaTec’s	Scanalyzer).		Figure	4.	1	illustrates	the	features	and	benefits	that	will	draw	customers	to	TERRA-MEPP.		Customers	currently	using	rapid	phenotyping	are	often	using	lab-based	phenotyping	systems,	or	field-based	systems	that	require	major	infrastructure	investments	or	use	large	tractors	that	are	disruptive	to	crops	and	cannot	navigate	narrow	crop	rows.	Customers	in	the	existing	market	are	nevertheless	willing	to	pay	a	premium	for	phenotyping	services.		These	customers	are	generally	large-scale	agricultural	corporations	or	research	facilities.		Customer	needs	including	highly	mobile,	low	cost	phenotyping	systems	that	can	navigate	narrow	crop	rows	are	not	offered	by	existing	suppliers.		These	suppliers	have	developed	technologies	using	larger	platforms,	such	as	tractors	or	gantries,	that	are	less	flexible	in	their	use.		The	TERRA-MEPP	company	will	educate	the	market	by	meeting	with	representatives	from	breeding	companies	and	organizations	such	as	the	Sorghum	Checkoff	and	the	National	Sorghum	Producers.		The	demand	for	the	services	that	TERRA-MEPP	will	offer	already	exists.		From	preliminary	talks	with	individuals	in	the	industry,	there	is	great	interest	in	a	product	like	TERRA-MEPP.			Creating	a	low-cost	alternative	to	products	already	in	the	market	will	not	only	draw	customers	from	the	existing	market,	but	generate	new	customers.		These	customers	will	be	smaller	breeders	that	cannot	afford	the	infrastructure-	and	cost-intensive	high-throughput	phenotyping	that	large	corporations	invest	in.		TERRA-MEPP	will	meet	a	demand	previously	unmet	by	phenotyping	technology,	by	producing	a	low	impact,	low	cost	
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platform.		The	low-cost	of	TERRA-MEPP	will	be	most	advantageous	to	these	new	customers.		Customers	switching	from	other	phenotyping	technologies	will	be	incentivized	by	the	features	and	benefits	that	TERRA-MEPP	offers	more	than	by	the	platform’s	low	cost.	Parts	of	the	company	could	also	be	changed	to	differentiate	the	business.		For	example,	focusing	more	heavily	on	the	informatics	value	chain.		The	value	chains	for	germplasm	and	database	services	are	other	avenues	that	would	offer	the	company	greater	diversification.						
	Figure	4.	1:	TERRA-MEPP	market	map.		The	global	market	for	agricultural	robots	is	expanding	rapidly.		According	to	Market	Research	Reports,	the	market	is	expected	to	compound	annually	at	a	rate	of	11.07	percent	from	2014	to	2019	[75].		In	2013,	the	market	size	was	$817	million;	by	2020,	the	market	is	expected	to	grow	to	$16.3	billion	[76].		TERRA-MEPP	will	target	big	breeders	first.		If	TERRA-MEPP	were	able	to	capture	1	to	10	percent	of	the	robotics	market,	it	would	translate	to	a	$163	million	to	$1.63	billion	market	share.		Thus,	it	is	reasonable	to	assume	that	TERRA-MEPP	could	grow	a	market	of	sufficient	size	in	a	five-year	time	horizon.		This	forecast	can	be	tested	with	annual	evaluations.		TERRA-MEPP’s	features,	including	the	technology	and	the	mobility	of	the	platform,	will	give	it	an	advantage	over	competitors.		TERRA-MEPP	combines	in	one	package	both	a	phenotyping	platform	and	the	modeling	software	to	analyze	phenotypes	and	detect	
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genotypes	with	the	potential	for	high	yield.		Furthermore,	the	rover’s	small	size	allows	it	to	fit	easily	between	crops,	it	is	much	more	mobile	and	versatile	than	phenotyping	systems	that	rely	on	significant	investments	in	built	infrastructure.		4.6 Customer	Relationships		 TERRA-MEPP	will	utilize	strategies	to	“get,	keep,	and	grow”	customers.		Getting	customers	includes	building	awareness,	fueling	interest,	causing	consideration,	and	winning	the	sale	[74].		TERRA-MEPP	will	build	awareness	through	earned	and	paid	media.		Earned	media	will	include	presence	and	informal	conversations	with	commercial	partners	at	trade	shows	and	conventions	such	as	the	ARPA-E	Energy	Innovation	Summit	and	iBio,	news	articles	and	press	releases	about	TERRA-MEPP,	brochures,	and	the	TERRA-MEPP	website.		TERRA-MEPP	will	also	leverage	existing	networks	and	work	with	strategic	partnerships	to	get	customers.		Paid	media	will	include	using	AdWords	to	bring	potential	customers	to	the	website,	paying	for	booths	at	trade	shows,	and	mailing	flyers.		Once	customers	make	a	purchase,	TERRA-MEPP	will	build	strong	customer	relationships	to	“keep	customers”	by	offering	comprehensive	customer	support.		This	will	include	tutorials,	technical	support	and	troubleshooting,	database	support,	and	software	updates.		Customer	satisfaction	surveys	and	calls	to	check-in	with	customers	are	other	tactics	that	can	be	used	to	help	keep	customers	[74].	Growing	customers	includes	selling	more	to	customers,	either	auxiliary	TERRA-MEPP	products	(new	sensor	payloads,	software	updates)	or	in	related	products	that	may	be	developed	in	the	future,	as	well	as	gaining	new	customers,	both	through	additional	media,	and	through	customer	referrals.		TERRA-MEPP	may	offer	incentives	such	as	support	service	discounts	to	customers	who	refer	new	customers.		4.7 Key	Resources		The	physical	resources	of	TERRA-MEPP	will	include	the	company	facilities.		The	startup	will	likely	be	based	in	Champaign.		This	city	is	home	to	a	major	research	university,	the	University	of	Illinois	Urbana-Champaign,	offering	access	to	a	high	degree	of	human	capital.	
	 	72	
Facets	of	Champaign	that	would	be	attractive	to	employees	would	be	low	cost	of	living,	good	public	transportation,	close	proximity	of	a	major	research	university,	and	easy	driving	distance	to	Chicago.		Alternatively,	the	startup	could	be	based	in	Chicago.		As	a	major	American	city	and	a	central	hub,	the	city	would	offer	many	resources	and	international	connections.	Product	and	service	resources	will	include	sensors	and	other	production	materials,	computing,	manufacturing,	and	technology	services.		The	cost	of	TERRA-MEPP’s	robotics	platform	is	highly	sensitive	to	the	costs	of	the	sensors	and	production	costs.		Thus,	low	cost	sensors	and	an	efficient	production	chain	will	be	important	to	maintaining	the	product’s	low	price	point.		Computing	and	server	space	can	be	rented	from	a	company	such	as	Amazon.com.		Manufacturing	need	not	occur	onsite,	but	can	be	outsourced.		IT	and	technology	services	cost	can	also	be	reduced	by	outsourcing.	Financial	resources	will	be	critical	to	TERRA-MEPP’s	success.	TERRA-MEPP	has	already	been	awarded	research	grants.		TERRA-MEPP’s	primary	purpose	is	to	identify	high-yield	potential	second-generation	energy	crops,	and	the	U.S.	government	is	very	interested	in	developing	such	crops.		Thus,	the	startup	may	be	able	to	win	additional	grants	from	government	agencies.		Other	sources	of	funding	will	come	from	corporate	investors.		If	a	major	company	is	interested	in	TERRA-MEPP,	a	research	partnership	could	provide	the	funding	and	testing	capacity	to	take	TERRA-MEPP	to	the	next	phase	after	test-of-concept	is	shown.		An	alternative	to	the	research	partnership	would	be	to	form	a	startup.		A	startup	would	rely	on	venture	capital	support	to	prove	TERRA-MEPP’s	large-scale	success.		The	goal	of	the	startup	would	be	to	be	acquired	by	a	multinational	corporation.	TERRA-MEPP’s	human	capital	will	include	advisors	and	high	quality	employees.		TERRA-MEPP	already	has	an	advisory	board.		Employee	positions	will	include	a	production	manager	to	oversee	the	supply	chain	and	production	of	TERRA-MEPP,	an	engineer	to	produce	software	updates,	customer	support	personnel,	and,	if	TERRA-MEPP	chooses	the	direct	sales	channel,	a	sales	department.	Finally,	intellectual	property	will	be	an	integral	part	of	TERRA-MEPP.		TERRA-MEPP’s	team	will	research	options	for	protecting	germplasms	that	are	used	in	the	project.		An	invention	disclosure	has	been	filed	for	the	platform.		The	central	goal	of	the	TERRA-MEPP	project	is	to	develop	a	roving	phenotyping	platform.		There	will	be	IP	regarding	the	
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platform’s	software	(such	as	the	algorithms)	and	hardware,	as	well	as	potential	IP	for	the	means	of	identifying	genes	for	high	yield	and	environmental	stress	tolerance.			4.8 Key	Partners		Key	partners	may	include	breeders	and	other	agricultural	companies,	companies	specializing	in	data	collection	and	research,	energy	companies,	and	business	consultants.		Breeders	such	as	Chromatin,	NexSteppe,	CERES,	Syngenta,	SC4,	and	Nature	Source	Genetics,	founded	by	Cornell	professor	Steven	Tanksley,	may	be	interested	in	partnering	with	TERRA-MEPP	to	develop	our	technology.		Other	agricultural	companies	including	Monsanto,	Dow	AgroSciences,	John	Deere,	and	the	Sorghum	Checkoff	Program	could	have	interests	that	are	closely	aligned	with	the	goals	of	TERRA-MEPP.		Companies	focused	on	data	collection	and	research	including	Microsoft	Research,	LI-COR,	Decagon	Devices,	and	Campbell	Scientific	may	also	be	interested	in	partnering	with	TERRA-MEPP.		For	Decagon	Devices	and	Campbell	Scientific,	TERRA-MEPP	would	be	a	turnkey	agricultural	product.		Other	potential	partners	include	energy	companies	like	ComEd,	and	business	consulting	firm	Accenture.		Important	qualities	in	potential	partners	will	include	their	capacity	to	increase	value	via	skills,	knowledge,	and	ability	regarding	commercial	plant	breeding,	previous	market	presence	as	product	solution	providers,	the	capability	to	further	TERRA-MEPP’s	technology	market	plan	objectives,	and	a	desire	to	partner	with	TERRA-MEPP	to	bring	the	products	to	commercial	viability.		4.9 Cost	Structure		The	cost	of	the	robot	is	dependent	on	the	cost	of	manufacturing,	the	cost	of	the	materials	including	major	components,	sensors,	and	auxiliary	hardware,	software	costs,	and	the	lifespan	costs	of	computing,	operation,	and	maintenance.		Keeping	the	cost	of	the	robot	low	will	be	highly	dependent	on	minimizing	the	sensor	and	manufacturing	costs.			
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Other	costs	will	include	database	operation	and	maintenance,	producing	software	updates,	marketing,	employee	salaries	and	benefits,	travel	to	conferences	and	customer	site	visits,	and	potentially	fees	for	services	rendered	by	key	partners.	Since	the	robot	will	be	sold	business-to-business,	the	total	cost	of	ownership	will	be	important	to	customers.		Assuming	a	$20	thousand	purchase	price,	and	including	all	operating	costs,	such	as	computing	and	maintenance,	the	operating	cost	of	the	robot	for	a	ten-year	lifespan	is	estimated	at	about	$13	thousand.		As	shown	in	Chapter	3,	this	cost	is	paid	back	in	the	first	two	years	that	a	breeder	sells	a	new	seed	variety.				4.10 Revenue	Streams		The	robotics,	database	services,	and	germplasm	value	chains	will	all	be	sources	of	revenue,	either	as	a	package	or	as	individual	products.		The	robot’s	primary	function	is	as	a	phenotyping	platform.		However,	with	software	adjustments	the	base	model	could	also	function	as	a	crop	scout	that	scans	crops	for	pests,	disease,	or	nutrient	deficiency.		This	secondary	function	would	create	a	significantly	larger	market,	which	would	allow	costs	to	be	decreased	further	through	volume.		Payment	methods	may	vary	depending	on	whether	the	robotics,	database	services,	and	germplasm	are	offered	together	or	separately.		The	robot	will	have	a	one-time	fee.		Selling	software	updates	will	be	an	additional	source	of	revenue.		Software	fees	may	be	part	of	an	annual	support	fee	or	be	a	one-time	cost.	Any	new	germplasm	that	may	be	developed	could	be	marketed	to	breeders	as	another	revenue	stream.		The	database	expertise	is	also	a	marketable	product.		The	goal	is	for	TERRA-MEPP	to	go	to	market	as	a	single	product.		Alternatively,	database	services	could	be	marketed	individually.		A	small	start-up	may	be	interested	in	providing	database	training	services	to	companies.	With	a	1	to	10	percent	share	of	the	global	agricultural	robot	market,	TERRA-MEPP	could	capture	a	$163	million	to	$1.63	billion	market	share	by	2020.		For	the	customer,	the	return	on	investment	is	vast,	as	seen	in	Figure	4.	2	below.		
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	Figure	4.	2:	Rate	of	return	on	investment	to	breeder	for	sorghum.		4.11 Key	Activities		Key	activities	in	TERRA-MEPP’s	development	include	developing	the	robot,	creating	the	quantitative	trait	locus	(QTL)	model	to	make	yield	predictions	during	the	crop	season,	and	developing	new	germplasm.		Key	activities	involved	in	the	robot	value	chain	include	developing	and	implementing	the	robotics	software,	economically	mass	producing	the	robotic	platform,	generating	plant	informatics	databases,	and	marketing	in	new	sectors.		Activities	included	in	the	QTL	value	chain	include	developing	the	QTL	model,	generating	time-series	gene-environment	interaction	models	in	TASSEL,	and	finding	startups	with	interest	in	offering	services	in	database	training.		The	germplasm	value	chain	includes	key	activities	such	as	developing	the	germplasm,	collecting	data	on	the	performance	of	the	germplasm,	and	identifying	breeders	interested	in	obtaining	the	new	germplasm.	Once	TERRA-MEPP	is	on	the	market,	key	activities	will	be	related	to	the	production,	marketing,	and	distribution	of	TERRA-MEPP,	as	well	as	customer	support	including	providing	tutorials,	technical	support	and	troubleshooting,	database	support,	and	software	updates.		 	
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CHAPTER	5	DISCUSSION			Historical	production	and	agricultural	practices	for	sorghum	and	corn	indicate	that	there	is	significant	is	significant	room	to	improve	sorghum,	as	corn	has	been	previously	improved.		Identifying	the	major	producers	and	importers	of	sorghum	illustrates	that	many	would	benefit	from	TERRA-MEPP.		Upon	reviewing	related	high	throughput	phenotyping	technology,	it	appears	that	there	is	a	niche	that	TERRA-MEPP	can	fill.			Sorghum	yields	have	historically	been	lower	than	corn	yields,	leaving	great	potential	for	yield	increases.		Corn	and	sorghum	have	had	similar	prices	over	the	years,	but	corn	has	been	higher	yielding.		Corn	has	been	highly	hybridized	and	has	plateaued	in	yield.		Meanwhile,	sorghum	has	great	potential	for	increasing	yield	by	improving	the	crop’s	cold	and	drought	tolerance.		Thus,	if	sorghum	yields	increase,	it	could	be	more	competitive	with	corn.		Furthermore,	sorghum’s	drought	tolerance	gives	it	an	advantage	in	dry	regions.	The	general	plateau	in	sorghum	and	corn	yields	over	the	past	twenty	years	indicates	that	new	methods	are	needed	to	reach	the	next	level	of	crop	improvement.		High	throughput	phenotyping	will	likely	be	part	of	the	solution.	There	are	many	phenotyping	robots,	including	the	LemnaTec	gantry	system,	large	rovers,	tractors,	harvesters,	cable	or	crane	based	systems,	and	aerial	systems.		In	general,	these	systems	are	either	large,	prohibitively	expensive,	disruptive,	or	do	not	capture	data	below	the	plant	canopy.		TERRA-MEPP	addresses	some	of	the	weaknesses	in	other	designs,	and	fills	a	niche	as	a	compact,	highly	mobile,	affordable	rapid	phenotyping	system.		The	technology	to	market	plan	for	TERRA-MEPP	developed	in	this	study	outlines	possible	development	paths,	expected	markets,	value	chains,	the	value	proposition,	and	the	state	of	the	seed	breeding	and	farming	markets,	considers	how	TERRA-MEPP	will	disrupt	the	market,	identifies	countries	to	which	TERRA-MEPP	may	be	of	particular	interest,	and	forecasted	the	economic	value	of	TERRA-MEPP.		The	possible	development	paths	for	TERRA-MEPP	are	a	research	partnership,	a	start-up,	or	licensing	the	IP.		Expected	markets	
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for	TERRA-MEPP	are	large	and	small	scale	breeders	and	individual	farmers.		The	TERRA-MEPP	value	chains	include	the	robot,	the	genomic	databases,	and	the	germplasm.		TERRA-MEPP’s	value	lies	in	its	compact,	mobile,	and	affordable	design.		Examining	the	state	of	breeding	and	farming	helped	create	and	understanding	of	how	to	market	TERRA-MEPP.		In	examining	the	state	of	the	breeding	research	and	development	market,	it	became	clear	that	most	of	the	research	and	development	in	biotechnology	and	crop	seed	is	done	by	a	few	large	agricultural	seed-chemical	companies	such	as	Monsanto,	Syngenta,	Dow,	Dupont,	and	Bayer,	in	addition	to	BASF,	followed	by	midsize	seed	companies.		Meanwhile,	agricultural	biotechnology	companies	have	much	greater	intensity	of	research,	though	they	hold	a	smaller	share	of	research	and	development.		As	for	farming,	family	farms	account	for	85	percent	of	all	the	production	in	the	United	States,	with	about	60	percent	of	production	occurring	on	midsize	and	large	family	farms.		Meanwhile,	a	few	non	family	farms	with	large	production	have	gross	cash	farm	income	over	$1	million.		TERRA-MEPP	will	disrupt	the	market	be	opening	access	to	rapid	phenotyping	to	new	consumers,	increasing	the	rate	of	improvement	to	sorghum,	and	reducing	input	costs	such	as	water	and	land.		When	considering	regions	where	TERRA-MEPP’s	technology	may	be	useful,	the	research	focused	on	places	that	are	large	producers	or	importers	of	sorghum,	and	places	with	high	agricultural	density	and	water	withdrawals.		This	included	countries	such	as	Nigeria,	Niger,	Sudan,	South	Sudan,	Ethiopia,	India,	Brazil,	and	China.			The	value	of	TERRA-MEPP	was	projected	by	calculating	the	value	of	additional	yield	given	an	estimated	percent	improvement	that	TERRA-MEPP	would	add	to	sorghum	crops.		The	return	on	investment	was	calculated	by	assuming	that	the	adoption	rate	of	an	improved	sorghum	seed	would	be	the	same	as	the	rate	for	hybrid	corn.			The	TERRA-MEPP	business	model	considers	market	size,	customer	segments,	sales	channels,	how	TERRA-MEPP	would	alter	the	existing	market,	strategies	for	building	customer	relationships,	identifying	key	resources	and	partners,	and	considering	costs,	revenue	streams,	and	key	activities.		The	potential	market	for	TERRA-MEPP	would	be	all	breeders	and	farmers,	but	given	that	TERRA-MEPP	is	currently	specialized	for	increasing	sorghum	yield,	the	available	market	is	sorghum	breeders,	with	the	target	being	large	corporations	with	capital,	and	small-scale	breeders	who	need	affordable	phenotyping.		Sales	will	be	either	via	direct	sales	or	systems	integrators.		It	is	predicted	that	TERRA-
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MEPP	will	re-segment	the	market,	pulling	customers	from	the	existing	market	and	creating	new	customers	by	filling	a	new	niche	as	a	small	mobile	platform	with	a	lower	cost	of	$5	to	$20	thousand	rather	than	$1	million	plus.		If	TERRA-MEPP	were	to	capture	1	to	10	percent	of	the	global	agricultural	robot	market,	it	would	capture	a	$163	million	to	$1.63	billion	market	share.		Thus,	TERRA-MEPP	should	be	able	to	grow	a	market	of	sufficient	size	within	five	years.					 	
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CHAPTER	6	CONCLUSION			This	research	developed	a	technology	to	market	plan	for	TERRA-MEPP	that	identified	development	paths,	expected	markets,	value	chains,	the	value	of	TERRA-MEPP,	the	state	of	the	market	for	seed	breeding	and	farming,	and	countries	where	TERRA-MEPP	would	be	most	useful.		Finally,	a	model	was	developed	to	project	the	monetary	value	of	TERRA-MEPP.	This	study	predicted	the	impact	that	TERRA-MEPP	will	have	on	the	agricultural	market	over	ten	years.		The	model	used	the	ten-year	yield	projections	from	the	U.S.	Department	of	Agriculture	as	the	baseline	yield	without	TERRA-MEPP.		The	USDA	projections	were	also	used	for	farm	price,	input	costs,	and	harvested	acreage.		The	sorghum	yield	with	TERRA-MEPP	was	calculated	by	estimating	the	potential	yield	gain	that	TERRA-MEPP	could	offer	by	optimizing	plant	parameters	such	as	Leaf	Angle	Distribution,	and	adding	this	to	the	USDA	projected	yield.		The	value	of	TERRA-MEPP	per	hectare	was	calculated	as	the	difference	between	the	net	profit	per	hectare	with	the	additional	yield	gain	from	TERRA-MEPP	and	with	the	standard	yield	projected	by	the	USDA.		The	value	of	TERRA-MEPP	per	hectares	multiplied	by	the	total	area	planted	with	the	new	seed	(assuming	a	seed	adoption	rate	similar	to	that	of	hybrid	corn)	gave	the	total	value	of	TERRA-MEPP	over	all	harvested	area.		The	return	on	investment	was	calculated	assuming	that	two	thirds	of	the	profit	generated	by	sorghum	goes	to	the	seed	company,	and	taking	into	consideration	the	annual	operating	cost	of	the	robot.		The	value	modeling	forecasts	a	large	return	on	investment	for	TERRA-MEPP.		With	the	platform	costing	$20	thousand	or	less	and	annual	operating	costs	of	about	$13,	the	ten-year	return	on	investment	would	be	about	$38.4	million.	The	socio-technical	analysis	and	yield	forecasting	in	this	study	will	be	significant	to	breeders	and	farmers,	as	the	potential	yield	gains	that	TERRA-MEPP	facilitates	will	increase	food	and	biofuel.		With	a	quickly	increasing	population	and	limited	arable	land,	innovative	ways	to	improve	crop	yields	will	be	critical	this	century.	 	
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